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ABSTRACT 
The aim of this research was the investigation of bonding borosilicate glass 
sheets, its trade mark CMZ, 100µm thickness, to create multilayer substrates 
capable of supporting high-density electrical interconnections. CMZ glass was 
chosen as it has a coefficient of thermal expansion that is close to that of 
silicon, thereby minimising thermal stresses in assemblies generated by 
manufacturing processes or service conditions. Two different methods of 
bonding the glass were used in this study; pressure assisted low temperature 
bonding (PALTB), and water glass bonding, using Sodium Trisilicate 
(Na2Si3O7) solution. These two bonding methods have already been applied 
in electronics manufacturing applications, such as silicon wafer bonding and 
multichip modules (MCMs). However, glass-to-glass bonding is a relatively 
new subject and this study is an attempt to standardise bonding processes. 
Additionally, the concept of using glass as a multilayer substrate provides a 
foundation for further exploration by other investigators. 
Initial tests that were carried out before standardising the procedures for these 
two methods showed that a two-stage bonding process provided optimum 
results. A preliminary stage commenced by placing the cleaned (using Decon 
90 solution) samples in a vacuum oven for 15 minutes, then heating at 100oC 
for 1hr. The permanent stage was then achieved by heating the samples in a 
conventional oven at temperatures from 200 to 400oC, for different periods. At 
this stage, the main difference between the two methods was the application 
of pressure (1-2MPa) during heating of the PALTB samples. 
To evaluate the quality of the bonds, qualitative tests such as visual, optical 
microscope and dye penetrant were used. In addition, to estimate the strength 
and the rigidity of the interlayer bonds, two quantitative tests, comprising of 
deflection under cyclic stresses and crack opening were used. Thermal 
cycling and humidity tests were also used to assess resistance of the bonds to 
environmental effects.  
The results showed that heating to 100oC was insufficient to enhance the 
bonds, as occasionally a sudden increase of deflection was observed 
indicating slippage/delamination. These bonds were enhanced during the 
permanent bonding stage by heating to 300oC in PALTB, under a pressure of 
 vii 
1-2MPa. The crack-opening test showed that the delamination distances of 
the bonds in the permanent stage were lower than that for preliminary bonding 
in both bonding methods. The delamination distances from the crack opening 
tests were used to calculate the strain energy release rate (GIC) and fracture 
toughness (KIC) values of the interlayers. The results showed that the KIC 
values of the permanent PALTB and water glass interlayers were higher than 
1MPa.m0.5, while the KIC value of the CMZ glass, determined by linear elastic 
fracture mechanics, was around 0.8MPa.m0.5. The optical observations 
revealed that the prepared bonded sheets did not delaminate or break after 
thermal cycling and humidity tests.  
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CHAPTER ONE 
 
1 INTRODUCTION  
This chapter provides an overview of the tasks and impacts of substrates on 
the performance and reliability of the complete packaged electronic system, 
including the challenges that the substrates face. This starts with an overview 
of the electronics packaging hierarchy levels, tasks, challenges, and reliability 
issues. The substrate types, their positions in the electronics packaging levels 
and the substrate requirements are also addressed. This chapter also 
introduces the project’s objective to use glass material as a multichip module 
substrate. The rationale for choosing glass as a substrate and its advantages 
and disadvantages are explained.  
 
1.1 Electronics Packaging 
A major trend in the electronics industry is to make products lighter, smaller, 
thinner and faster, while at the same time making them more functional, 
powerful, reliable and less expensive. Meanwhile, as the trend toward 
miniature and compact products continues, the integration of a much wider 
variety of functions into single products is providing growth in the market. 
Some of these examples are personal computers, video camcorders, cellular 
phones and multimedia products. One of the key technologies that is helping 
to make these product design goals possible is electronic packaging and 
assembly. Electronic packaging is broadly defined as the physical 
interconnection of electronic components to provide an enclosed system that 
provides for power and signal distribution, allows heat dissipation and protects 
the components from the environment [1-5].  
1.1.1 The Electronics Packaging Hierarchy 
The strategy adapted by the industry to realise the complexities of electronics 
packaging has been to divide the physical package into a hierarchy of 
packaging levels [1-3, 5]. Figure 1-1 describes each package level.  
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Figure 1-1 Four electronic packaging levels. 
 
• Level 0 is the chip, also called the die or integrated circuit (IC). This 
level deals with fabrication of the IC, i.e. gate-to-gate interconnections.  
• level 1 is the module or IC package. The IC is encased with input and 
output wires, leads, pins, etc, to allow the package to be connected to 
an external circuit. 
• level 1.5 is multichip module (MCM), hybrid circuits and interposers. 
This deals with putting more than one IC, or other types of device on a 
single substrate. Then the package is placed on a printed circuit board 
(PCB) using solder joints.  
• level 2 is the printed circuit board. This corresponds to the 
interconnection between the components on PCB substrates. 
• level 3 is the motherboard or backplane. This is board-to-board 
interconnections and provides electrical interconnection between PCB 
cards and other board or cabinet mounted components. 
• level 4 is the rack which contains multiple backplanes. This deals with 
connections between third level components. 
• level 5 deals with the connection between systems, i.e. computer to 
printer. 
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1.1.2 Packaging Tasks and Challenges 
In addition to an encapsulation process to protect the whole package from the 
environmental effects, the main task of packaging technology is 
interconnecting the entities in each package level mentioned above. 
Substrates are the key components of making this interconnection possible. 
Packaging the chip with a substrate is called a module. The definition of single 
chip module is that the package (or chip carrier) has only one chip in it (level 
1), while multichip module (MCM) has more than one chip (level 1.5). The 
target point of the package is achieved when the package gives the smallest 
ratio between chip to substrate areas, i.e. reducing the real estate. This can 
be achieved by different means: as well as increasing the number of the 
bonded layers of silicon chips and substrates; another way is changing the 
interconnection methods. Manufacturers can change the methods that occupy 
large areas of the substrate, such as wire bonding and tape automated 
bonding, to methods that require smaller areas, such as ball grid arrays 
(BGA). Figure 1-2 shows typical interconnection configurations between chips 
and substrates.  
 
 
Figure 1-2 Interconnection configuration between silicon chips and substrates. 
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Multilayer bonded silicon wafers are interconnected together via wires or 
through silicon vias (TSV), and then interconnected with substrates. Through 
silicon via (TSV) is a 3D packaging technology for semiconductor system 
integration in which three dimensional wafer/chip stacking is accomplished by 
vertical interconnection with Through Silicon Vias rather then flip chip and wire 
bonding techniques. The concept of TSV has gained more importance 
recently through the development of technologies such as deep silicon 
etching, wafer thinning and wafer/chip bonding that enabled the efficient 
integration of highly complex systems [16, 92, 119]. 
Solder bumping has been widespread since the 1990’s and has been used for 
ball grid array and flip chip interconnection, the latter offering the very highest 
interconnection density on a perimeter or on a true area basis. The number of 
pins, bumps and thickness of conductive films needed varies with electrical, 
thermal and mechanical requirements. Besides electrical connections, these 
assembly processes may be included for heat dissipation and mechanical 
support [1-3, 6, 7].  
Flip-chip technology, where the semiconductor chip is assembled face down 
onto the substrate, is ideal for size considerations, as there is no extra area 
needed for contact outside the component. Flip-chip technology also offers 
the potential for lower package height, since no extra clearance is required for 
wire bonds or encapsulation/mould compound above the ICs. The short signal 
paths between flip chips and the substrates provides for low inductance, 
resistance and capacitance, the result being a faster signal and better high 
frequency characteristics. This technology also offers better thermal 
capabilities, since an external heat sink can be directly above the chip to 
remove heat.  However, while flip chip technology is attractive, there is only 
one level of connection between the chip and the circuit board and this means 
that the substrate must have features of matching size to the Si chip. Flip 
chips are integrated onto substrates such as printed circuit boards through 
direct chip attach (DCA), or carriers (single or multi chip modules), using 
conductive bumps on the chip bond pads. In flip ship technology, in contrast 
to wire-bonding technology, the interconnection between the die and carrier 
occurs by using a conductive bump placed directly on the die surface. The 
bumped die is then flipped and placed face down so that the bumps connect 
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directly to the carrier. Flip chips are, usually, semiconductor devices, however 
nowadays other components such as MEMSs devices, detector arrays and 
passive filters are used in flip chip form. Flip chip BGA packages are 
assembled on two or multi-layered high-density organic laminate or ceramic 
substrates, and used extensively in Application Specific Integrated Circuit 
(ASIC) and Digital Signal Processing (DSP) [1, 6-9].  
Increasing the customer ambitions to produce smaller products will increase 
the number of challenges that face electronics packaging. Such challenges 
can be heat dissipation, the configuration of electrical signals and 
environmental effects. For example, increasing the number of silicon layers 
within one package, i.e. increasing I/O density within certain area, the required 
power of the electronic devices increases and the heat dissipation problem 
becomes more problematic. As the speed of electronics increases, the signal 
delay caused by the capacitive effect of dielectric packaging materials 
becomes increasingly intolerable [1, 3]. As the line widths between conductors 
and/or the solder joints become smaller, dendrite or electrochemical migration 
between the conductors and solder joints have become more likely [10]. As 
the thickness of an hermetic package is reduced, the corrosion problems due 
to environmental effects becomes more likely [11]. 
1.1.3 Interconnection Reliability Issues 
Mechanical failure is a major issue that faces the interconnection materials. 
Mechanical stresses in a package can induce failures in electronic devices, 
e.g. package cracks, die cracks, wire breakage, delamination, etc. The major 
cause of the stress is due to the thermal mismatch among different materials 
used in a package [12]. The coefficient of thermal expansion (CTE) is one of 
the most important parameters, as these can be mismatches between 
substrates and components. This is particularly an issue for flip-chip devices, 
when any mismatch can lead to different expansion and contraction during 
heating and cooling cycles and consequently lead to fatigue failure, i.e. crack 
initiation and propagation, as shown in Figure 1-3. For example, the thermal 
expansion coefficients for FR-4, silicon and solder bump are 18.5 x 10-6K-1, 
2.8 x 10-6K-1 and 21 x 10-6K-1 respectively [2]. This causes distortion of the flip 
chip assembly, which further induces stresses on the corner edges of the 
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solder joint. Due to local thermal expansion mismatch, stress concentration 
occurs at the corners of the solder bump and when such a distorted structure 
is subjected to a fatigue or thermal cycling load, it will lead to failure of the 
interconnect.  
 
 
Figure 1-3 Effect of substrate-semiconductor CTE mismatch on failure of 
interconnects.  
 
Since the solder bump interconnection is very small, solder joint reliability is 
the major issue due to large CTE mismatch between organic substrate 
materials and silicon chips. As such, fatigue strains are easily developed 
during normal operation of the chip. To overcome this issue, different 
solutions must be considered; first, the CTE of the substrate should be close 
to that of Si to minimise this problem [1-3], and secondly, by using an underfill 
material. The underfill material, which acts as a filler material to close the air 
gaps between chip and substrate, typically consists of an epoxy, filler and 
anhydride hardener. This helps in reducing stress concentration associated 
with the corner solder joints, consequently increasing the fatigue life [6, 13]. 
1.1.4 Advanced Packaging Technologies 
Overall packaging efficiency, convergence of various functions into one 
product, can be further realised by considering more advanced integration of a 
system’s passive components. To achieve this, passive components, such as 
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resistor, capacitor and inductor components may be integrated or 
implemented in standard silicon integrated circuit technologies, i.e. the chip 
level (zero-level), the package level (1st level) and the PCB level (2nd level). 
The passive components may be incorporated as on-chip components, as 
integrated passive device (IPD) arrays and networks, at the package level, or 
at the substrate itself.  
Wide ranges of integrated and embedded passive component technology 
options are available, such as using thin film technology on substrates [14]. 
The advantages of these methods over the traditional surface mount discrete 
passive components are an improvement in product performance, reduced 
size and weight, higher functional density, reduced mounted component 
numbers, reduced wiring demand at the next interconnection level, improved 
reliability through a reduction in solder joint count, and reduction in the overall 
product cost per function [15].  
To realise these convergent systems, i.e. integrated passive device arrays 
and networks within the device, a number of different advanced packaging 
technologies have been recognised, such as system on chip (SoC), system in 
package (SiP), MCM, and system on package (SoP); a brief explanation for 
each is provided below [4, 9, 16]: 
• System on a chip (SoC) is an integrated circuit that includes 
a processor, a bus, and other elements on a single monolithic 
substrate. The SoC accomplishes miniaturization primarily by shrinking 
lithographic dimensions from the microscale in 1980s to current 
nanoscales. SoC differs from simple circuit integration in that many 
different types of circuits can be included, such as computer processor, 
various signal processors, a large amount of memory, various clocks 
and necessary system controllers, all integrated on a single piece of 
silicon. This level of integration greatly reduces the size and power 
consumption of the system, while generally also reducing 
manufacturing costs. SoC technology is used in a wide variety of 
electronic equipment, such as handheld devices including PDA, CD 
players, MP3 players, DVD players, AM/FM radio, cellular phones.  
However, the disadvantage of this technology is the chip designs and 
build cycles are long and require multiple passes to complete.  
 8 
• In SiP, different chips such as a specialized processor, DRAM, flash 
memory, are combined with passive components such as resistors and 
capacitors, and mounted on the same substrate. The SiP thus 
miniaturises more than SoC. The recent through silicon via (TSV) 
developments further miniaturizes SiP by replacing flip chip with pad to 
pad bonding. However, both SoC and SiP miniaturise a tiny part of the 
whole system, since the number of ICs or their size in a typical system 
such as a cellphone is a small fraction, i.e. 10-20% of the entire 
system. 
• In MCM, more than one IC chips are interconnected and packaged on 
one substrate. This is discussed further in the next section. 
• SoP, was developed in the mid 1990s at the Packaging Research 
Centre, Georgia Institute of Technology [9]. In SoP the entire system is 
placed on a single flip-chip size package with all required system 
functions. The SoP is an emerging system miniaturization technology, 
in contrast to SoC at IC level and SiP at module level. In SoP, as 
shown in Figure 1-4, the entire system, i.e. SoC, MCM, SiP, RF, 
boards, thermal structures and batteries, is placed on a single flip-chip 
size package with all system functions, as such it overcomes 
integration shortcomings of SoC, MCM and SiP that are limited by cost, 
performance, size and reliability issues of current packaging systems 
[4, 9, 16].  
 
 
Figure 1-4 An example schematic of system on package. 
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Figure 1-4 shows that there are different substrates at different packaging 
levels, i.e. 1, 1.5 and 2, that are needed to reduce the I/O gaps between 
semiconductor and other package levels. Selection of substrate material is an 
important criteria to achieve high functionality and reliability of the 
interconnects.  
 
1.2 Substrates Technology 
Substrates are significant components in different levels of the hierarchy in 
electronic packaging. Substrates might be used in the first package level, in 
contact with silicon chips, at level 1.5 with MCMs and also in the second 
package level, such as PCBs. Substrates can be organic, ceramic or 
semiconductor materials [1, 3].  
1.2.1 Substrate Requirements 
The main requirement for achieving high density interconnect (HDI) is 
achieving the I/O compatibility between the hierarchy levels of electronics 
packaging. This can be achieved by choosing substrates with suitable 
material properties and manufacturability. Figure 1-5 schematically illustrates 
the important properties that a dielectric material should possess.  
 
 
Figure 1-5 Essential attributes of a dielectric for use as a substrate [9]. 
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The most important requirements that must be available in substrate 
materials, to minimise the expected problems are: 
• High volume resistivity: The substrate material should provide high 
electrical insulation to prevent electrical leakage current between the 
conductor tracks. 
• The substrate material must have a suitable CTE. For example, in an 
FR4 PCB, the resin, glass and copper each have a different CTE value 
and stresses are built up during their manufacture. A mismatched CTE 
between the pre-preg and copper acts to increase the stress and may 
cause debonding. The better the CTE match, the lower the amount of 
relative expansion and contraction, and consequently the lower the 
amount of thermal stresses between the assembled components [1, 
12, 17-22]. 
• Electrical properties: besides having a low dielectric constant (Dk), it 
must be an excellent electrical insulator. This means a high breakdown 
voltage and high electrical resistivity. The transfer of energy between 
lines, known as crosstalk, is due to capacitative and inductive coupling 
and is a function of the spacing and length of lines and the Dk of the 
laminate. In general, the chemical composition of the substrate, 
manufacturing process, signal frequency and temperature, all affect the 
electrical properties such as dielectric constant and loss factor [1, 2, 18, 
20, 22]. 
• Bonding strength and dimensional stability: the adhesion of the 
conducting interconnect to the base laminate and between the 
laminates, is important, especially at high temperatures, because of the 
danger of circuit tracks being dislocated during processing such as 
lamination and via drilling, and it must be able to withstand repeated 
soldering operations [19, 23-25]. 
• Thermal conductivity: the ability of a substrate material to conduct heat 
is important. High thermal conductivity is required to dissipate heat 
produced by the devices. Low thermal conductivity results in heat 
retention and this can cause dimensional instability, especially with 
materials that have a high CTE [1, 3]. 
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• Dimensional stability: there are restrictions for the use of certain 
hazardous substances (RoHS) in electrical and electronic equipment. 
While the melting temperature of tin-lead solders is relatively low, they 
have been used with a wide range of laminate types, ranging from 
paper-filled phenolics to high Tg materials. However, with the 
introduction of lead free solders with a higher melting temperature, 
damage to the substrates, e.g. glass fibre and resin interface may 
occur. Hence alternative thermally stable substrate materials are 
needed. 
• Mechanical strength: it must mechanically resist static and cyclic loads, 
and must be strong enough to provide adequate physical support 
under fatigue loads and vibration [26, 27]. 
• Low elastic modulus: a low elastic modulus will impart low stress and 
thus contribute to higher reliability. It is desirable to have dielectrics 
with a low elastic modulus [9]. 
• Corrosion resistance: it must be chemically inert and should not react 
with the atmosphere or with the chemicals that come into contact with it 
during processing [11, 24]. 
• In addition to the above requirements, the substrate materials must be 
low in cost and lightweight [3].  
 
Since main system failure mechanism relates to excessive device junction 
temperatures, the substrates should maintain the above requirements, for 
example high dimensional stability and bonding strength, at high 
temperatures. However, it is obvious that it is difficult for any single material to 
meet all of these requirements for every application, which is why there are so 
many choices when it comes to substrate materials. The location in the 
packaging hierarchy and the purpose of the substrate will prioritise these 
requirements. 
To evaluate the properties, mentioned above, and performance of substrate 
materials, the manufacturers rely on a number of tests that are primarily 
designed to detect failures under conditions which reproduce processing or 
extreme use. The American Society for Testing and Materials (ASTM) 
recommends different tests, under specific designations, to describe the 
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reliability of PCBs, such as electrical resistance (D257), dielectric breakdown 
voltage (D149), deflection temperature under load (D648) dissipation factors 
(D150), impact strength (D790), shear strength (D732), and water absorption 
of plastics (D570). There are other international standards that deal with these 
tests, such as the American military specifications (MIL), Japan Electronics 
and Information Technology Industries Association (JEITIA), Joint Electron 
Device Engineering Council (JEDEC), International Organization for 
Standardization (ISO), British Standard (BS), International Electro-technical 
Commission (IEC). The test methods, standards, and their procedures are 
extensively covered by publications and studies by the Institute for 
Interconnecting and Packaging of Electronic Circuits (IPC) [1, 5, 12, 18]. 
1.2.2 Substrate Tasks in High Density Interconnect Approaches 
High density interconnect (HDI) technology condenses IC packaging, 
minimizing the size and weight of the electronics while maximizing 
performance. This can be achieved by obtaining a large number of inputs and 
outputs (I/Os) in a small amount of space, and increasing the number of I/O 
between the components. These factors are the main requirements to realize 
consumer ambitions and have become an industry focus [2]. HDI advances 
are acting to meet the requirements of increasing the functionality and speed 
of every electronic device requiring substrates. For instance, reducing the 
diameter of vias and copper track width and spacing, utilising wave-guides 
and optical fibres, and increasing the number of laminated layers, can all be 
used to increase a substrate’s performance [15, 20-22, 28-31]. 
Up until the early 1980s, the performance of an IC was impacted only slightly 
by the package, however, and especially in the current era, the point has 
been reached where advancements in IC performance are limited by 
packaging technology. Figure 1-6 shows the difference between the line width 
and pad diameters on PCBs and ICs, which is always higher than a factor of 
20. There is evidently an interconnect gap that exists between the chip 
interconnect technologies and off-chip substrate technologies [2, 3, 15].  
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Figure 1-6 Feature size differences between IC and PCB package levels causes 
interconnect gaps [1, 4, 9, 15, 32-34]. 
 
An ideal compatibility between these electronics packaging levels has not 
been reached. For example, nowadays 100 million transistors can be made 
on a single die using different miniaturization and doping techniques. To 
support this, transistor gate pitch has linearly reduced from 750nm in 1993, 
45nm in 2007 and 32nm in 2009. Companies for IC’s manufacturing, such as 
Intel, attempt to reduce the transistor gate pitch to scale x0.7 every two years 
[35]. This means that semiconductor technology has developed the zeroth 
level package, and IC technology has already made chips with one billion 
transistors [1, 36]. However, the realistic challenge that faces manufacturers is 
that the chip is not an isolated entity; to obtain an ideal performance, a chip 
must communicate with other chips in a circuit through an I/O system, and 
with other components in other package levels. As such, the present problems 
in the electronics industry lie mainly in electronic packaging, which is critical to 
the reliability and performance of electronic systems [4]. 
Some PCB substrate achievements have provided advantages, for instance, 
reducing the linewidths and spaces to less than 25µm and 50µm respectively, 
and decreasing the sizes of microvias and capture pads down to ≤ 50µm with 
pitch sizes of the order of 100µm. However, these solutions could not 
significantly reduce the gap. On the other hand, these improvements are 
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associated with some manufacturability issues, for example, the creation of 
microvias at a similar scale to fan out fine pitch and area array footprints is 
particularly problematic. To overcome these issues, oversized tracks and 
capture pads are frequently used, which leads to larger features that 
ultimately limit the pitch of the components to be assembled, especially when 
via-in-pad architectures are to be used. The drilling of small diameter via holes 
has been accomplished with a range of techniques, such as laser ablation, 
however a major challenge is the alignment of the holes with matching 
features on buried layers that cannot be directly observed. These involve 
great challenges for the substrate manufacturers to produce reliable 
interconnects, since current substrate materials are not capable of meeting 
these requirements [6, 15, 37]. 
1.2.2.1 Multichip Module (MCM) 
One of the solutions to bridge this gap is increasing complimentary passive 
components either within the IC itself, the subsequent layers of the multilayer 
multichip module (MCM) substrates and interposers, or both. Figure 1-7 
shows the role and position of package level 1.5 in interconnection technology 
and shows interposer and multilayer carrier substrates, and their 
interconnection with chip level.  
Although MCMs and hybrid technology are very similar to each other, an 
MCM is a multi-chip module meaning that it has more than one IC chip, while 
a hybrid has more than one type of component (more than just IC chips). A 
simple definition for an interposer is a connection material or construction that 
will electrically and mechanically connect circuit layers in the vertical direction 
without interfering with X-Y plane conductor paths. Interposers can take 
different configurations, for example, as shown in Figure 1-7, the conductors 
pass above, below and between the layers in a Z configuration [38]. 
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Figure 1-7 Examples of level 1.5 package; interposer and MCM interconnections. 
 
MCMs may combine many high-performance ICs, with a substrate structure to 
take full advantage of the IC performance. The layers are interconnected 
between them through vias and tracks. The main advantages of this package 
level are: reducing the chip/substrate area ratio through fan-out lines; greater 
I/O density; less packaging materials because the chips are not packaged 
before being placed on the substrate and consequently a lower cost, and 
higher performance from reducing the I/O gaps and making devices closer to 
each other. However, there is rarely an engineering alternative that does not 
have its tradeoffs or disadvantages: In the case of MCMs and hybrids the 
disadvantages are a lack of familiarity by the designers due to its complexity, 
as more than one IC (may be of different types) exists. For the same reason, if 
one IC undergoes any significant electrical or physical change, this can often 
be problematic, and because of this complexity, the IC chips must undergo 
more reliability and functionality tests to produce known good dies (KGD) than 
the ICs used in single chip modules, and this means more cost [2, 15, 33, 39].  
The concept of the silicon chip carrier was developed in 1972 at IBM where a 
Si substrate was used as a chip carrier instead of insulating organic or 
ceramic substrates [9]. For silicon chips, one of the best choices of MCM 
substrate material is silicon, because the silicon substrate matches the CTE of 
the chip. Even though the chip is always hotter than the substrate and a 
thermal gradient does exist, it has high thermal conductivity. However, silicon 
is not optically transparent and is also electrically conductive.  
The MCM was invented back in the 1980s at IBM, Fujitsu, NEC Siemens and 
Hitachi. These MCMs were horizontal or two dimensional. Different materials 
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have been used for MCM substrates, as they have been used to participate in 
increasing the functional density of the whole package through creation of 
passive components. They started with high-temperature co-fired ceramics 
(HTCC)- multilayer ceramics, such as alumina, metallised and interconnected 
with dozens of layers of either co-fired molybdenum or tungsten. Later, a new 
high-performance ceramic called low-temperature co-fired ceramics (LTCC) 
were introduced. These are made of lower dielectric constant ceramics, such 
as glass-ceramics, metallised with better electrical conductors such as 
copper, gold, or silver-palladium. The third generation of MCMs improved 
further with add-on thin multilayer organic dielectrics and conductors of much 
lower dielectric constant and sputtered or electroplated copper with better 
electrical conductivity [9, 14, 15].  
The institute for interconnecting and packaging electronic circuits (IPC) has 
defined the MCM material substrates, in level 1.5 packages, as below:   
• MCM-L: using polymer based processes. i.e. laminate structures, to 
form predominately copper conductors and vias. MCM-L mainly 
consists of resin and glass reinforced substrates, such as polyimide 
(woven glass/polyimide) and Bismaleimide-Triazine (BT) resin (woven 
glass/BT-epoxy). Polyimide-glass is often chosen as a substrate 
material because of quick fabrication times and better thermal 
properties than other organic laminates. However, mismatched thermal 
and electrical properties, such as coefficient of thermal expansion 
(CTE) and dielectric properties, between some glass-reinforced 
substrates and components have limited the manufacturer’s objectives 
and customer requirements. MCM-L can be used where size, weight, 
and speed are of concern. When high density, comparatively low cost 
interconnections are required, MCM-L packaging can be used. Space, 
military, commercial, automotive, and flight hardware are prime 
candidates for MCM-L. While limited to approximately 350MHz clock 
speed, most products can be designed into this lightweight sub-
miniature package [12, 21, 40].  
• MCM-D: using thin film processes, as multilayered signal conductors 
are formed by the deposition of thin-film metals on unreinforced 
dielectric materials. MCM-D, or so-called thin film technology, offers 
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very high circuit performance. However, this is obtained at high cost. 
This high cost comes from the combination of expensive sputtering 
processes, with high material wastage and expensive, polished high 
purity 99.6% alumina substrates that all increase the cost to a point 
where thin film technology has comparatively limited application [33, 
41]. 
• MCM-C: using ceramic substrates, as multilayer co-fired ceramic, or 
thick film print and fire on a ceramic substrate. MCM-C can be 
considered as a compromise option. For example, low temperature co-
fired ceramic (LTCC) technology allows high circuit density by the 
efficient production of multiple layers and buried components and is 
suitable for applications up to several GHz [1, 2, 14, 15].  
 
Table 1.1 shows a comparison between the three formal MCM substrate 
materials. 
 
Table 1-1 MCM group comparison [1-3]. 
Characteristic MCM-L MCM-C MCM-D 
Maximum wiring 
density (cm/cm2) 
300 800 250-750 
Minimum line 
width (µm) 
60-100 75-100 8-25 
Line spacing (µm) 625-2250 125-450 25-75 
Via diameter (µm) 300-500 100 8-25 
Cost ($/cm2) 3-30 50-1000 800-8000 
 
Such multilayer carriers increase the interconnect density compared to a 
single carrier. The modules are built up by different techniques according to 
the type of the module, for example in MCM-D, the conductor layer is 
deposited using sputtering and evaporation processes, in MCM-C the spin 
coating process is used and then heated to solidify, and in MCM-L lamination 
process is used. Sequential lithographic processes must be followed the 
above processes. By preparation a number of modules, the layers are bonded 
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together by different methods, such as fusion bonding, anodic bonding or 
adhesive bonding.  
Finding better substrate materials is an ambition of manufacturers to obtain 
better performance. As such investigations have continued to identify better 
materials to coincide with HDI requirements. Several predictions have 
indicated that a potential material that may meet the requirements of high 
density electrical interconnect and optoelectronics is glass [29, 42].  
 
1.3 Introducing Glass as a Substrate 
Glass is a potential material to produce high density substrates as it offers 
many advantages over the organic substrates when the appropriate 
manufacturing process is applied.  
Electroless plating can be used to deposit copper tracks on non-conductive 
glass materials [34, 43]; an excimer laser can drill small diameter microvias 
with high positional accuracy and tolerances with minimum thermal damage 
[32]; and glass materials are bondable with and without intermediate materials 
to form multilayer bonded substrates [44]. These are appropriate tools for 
manufacturing substrates for high density interconnects, e.g. with flip chip. 
When considering glass, it provides properties that might provide good results 
as a substrate. Glass offers a number of advantages including:  
 
• Glass is considered as a dielectric material, therefore it provides high 
electrical resistance [45, 46].  
• Reduction in thermo-mechanical stress on flip-chip solder joints by the 
selection of glass with a CTE closely matched to Si [1, 17-19, 21, 22]. 
• More predictable dimensional stability; thermal and mechanical [19, 26, 
32, 34]. 
• The ability of glass to bond with Si-based materials using direct 
bonding and adhesive bonding.  
• The ability to “view” capture pads and tracks during manufacture; a 
feature that could enable more accurate alignment and drilling of vias 
and inspection of flip-chip devices [37]. 
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• Thermal stability suitable for higher melting point, lead free solders and 
harsh operating environments [25]. 
• Glass is optically transparent and hence can be used as a medium for 
transporting optical signals between devices within the same substrate 
for waveguide applications [29, 36]. 
• Low Dk, high resistance to electrical breakdown and low dissipation 
factors [2, 20]. 
 
However, while glass offers many advantages as a substrate material, at the 
same time it has a few disadvantages, such as a brittle nature, which can 
make handling and processing difficult and may influence long-term reliability. 
Furthermore, thermal conductivity is another issue that must be considered in 
electronic circuit design, as glass materials have relatively low thermal 
conductivity, less than 1W/m.K, compared with that of silicon, 150W/m.K [47].   
 
1.4 Fabrication of Glass Substrate 
Glass has been identified as a potential material from which to assemble high 
density substrates. Glass materials have been used as a substrate by other 
investigators; for example Plichita [48] recommended using ultra thin glass 
sheets, around 50µm, as flexible PCBs, sensors, and flat panels. Schroder 
[30] has used glass as a substrate material for optical waveguides and then 
the substrate was bonded in 3D-stacks and laminated to PCB base materials.  
STMicroelectronics have used a type of glass material that has a dielectric 
constant equal to 4.2, thickness 0.2-0.7 mm, to produce an IPD for antenna 
integration due to its high quality factor (low dielectric constant and loss 
tangent) and its low cost production. Both IMEC and AMO, through a 
collaboration between these two partners, an IPD antenna was fabricated 
using glass substrates. IMEC created a series of slab waveguide samples, 
based on 150 nm thick MeLPPP films on a glass substrate. 
A research project was established within the Wolfson School of Mechanical 
and Manufacturing Engineering at Loughborough University to investigate 
borosilicate glass, type CMZ, as a substrate material. In this research, thin 
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glass sheets, 100µm thickness, were used for the fabrication of multilayer 
substrates capable of supporting HDI, as shown in Figure 1-8.  
 
 
Figure 1-8 Electrical interconnect using a multilayer glass substrate. 
 
The selection of CMZ type glass for this work was based on its close match of 
CTE, 3.67x10-6/oC (measured by the supplier), to that of Si, 2.8x10-6/oC. CMZ 
is a specific commercial name used by the suppliers. This type of glass was 
supplied by Qioptiq which deals with space technology and they manufacture 
radiation-stable optical solar reflectors (OSRs) and coverglasses [49]. 
To fabricate glass substrates, three PhD students worked in three key process 
areas, which were laser machining, metallisation and bonding. Figure 1-9 
shows a suggested route for the production of a multilayer structure in glass 
for electrical interconnect. The details of these processes are:  
• Microvia formation and track definition using laser machining for which 
attempts were made to minimise the via diameter by investigation and 
characterisation of the machining parameters [32].  
• Metallisation to create conductive tracks, pads and microvias using 
different electroless and electroplating techniques to understand 
adhesion and to minimise the width of the connectors and their spacing 
[34, 43].  
• The research presented in this thesis, which investigated the bonding 
of borosilicate glass to create multilayer substrates, using two different 
bonding techniques. These techniques were pressure assisted low 
temperature bonding (PALTB) [44], involving direct glass-to-glass 
bonding, and bonding using an intermediate material.  
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Figure 1-9 Suggested route for glass substrate manufacture. 
 
 
Both bonding techniques have different applications in electronics 
manufacturing. In this study PALTB was used to bond plain sheets, avoiding 
stress raisers such as tracks and vias. Even though the pressure can be 
applied on tracked and drilled sheets, it requires special equipment and 
fixtures to avoid cracking. Water glass bonding was used for both plain sheets 
and those that contained tracks and vias. 
 
1.4 The Aim and Novelty of This Study 
The main target of this study was the investigation of bonding borosilicate 
glass (specifically CMZ glass) and characterising the results to assess it’s 
suitability to provide glass multilayer HDI substrates.  
The novelty of this research can be divided into two parts: First is the concept 
of laminating sheets of a glass material that has a low coefficient of thermal 
expansion, to act as a dielectric substrate in electronics devices. The second 
is the innovative use of low temperature bonding methods, i.e. 300oC with 
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applied pressure, in comparison to traditional glass bonding methods that 
typically require higher than 1000oC in glass-glass direct bonding. In addition, 
water glass bonding method, without applied pressure, was used. Moreover, 
non-aggressive cleaning solutions to achieve hydrophilic surfaces were used, 
thereby avoiding damage to metal tracks and enabling safer working 
practices.  
The study has also identified suitable methods to assess the bond quality 
enabling procedures to improve the bonding.  
 
1.5 The Structure of the Thesis 
This chapter has presented the background to this research, i.e. using glass 
materials as a substrate. The chapter has also presented the electronics 
packaging hierarchy levels, high density interconnect principles, types of 
substrate materials with their interconnection methods and the main 
requirements for these substrates.  
Chapter 2 describes the structure, composition and properties of glass 
materials.  
Chapter 3 provides an overview of different means of bonding silicon and 
glass, especially the methods used in electronics packaging. The role of 
surface chemistry via cleaning solutions, and heating are also reviewed.  
Chapter 4 reviews the tests used in this study to assess bond strength and 
reliability. The tests used in this study are explained, which are qualitative 
tests (visual inspections, dye-penetrant, optical microscopy), quantitative tests 
(deflection under cyclic stresses, crack opening), and environmental reliability 
tests (thermal cycling and humidity).  
Chapters 5 and 6 describe the methodology, materials and parameters, i.e. 
temperature, time, and pressure, that have been used for glass bonding in 
PALTB and water glass bonding respectively. Chapter 5 also presents the 
tests that were carried out on single CMZ glass sheets, such as load-
deflection test, and determination of the fracture toughness.  
An overall discussion and comparison between the two bonding methods is 
presented in Chapter 7. The effect of the bonding parameters in each method, 
especially heating, is analysed. The chapter also shows the comparisons 
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between PALTB and water glass bonds. The details of a HDI demonstrator, 
including bonded CMZ glass sheets with vias and copper tracks, is 
represented and the potential of glass as a substrate material is discussed 
further. 
Chapter 8 summarises the bonding details and most important considerations 
for both bonding methods, with suggestions for further research. 
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CHAPTER TWO 
 
2 GLASS  
This chapter reviews the properties of glass materials with respect to the 
requirements of substrates in the electronic industry. The chapter starts with a 
description of glass material; the chemical composition, its formation, 
microstructure and properties (physical, electrical, mechanical, chemical and 
optical).  
 
2.1 Glass Materials 
Glass is an inorganic super cooled liquid; it has no definite melting point, as it 
is non-crystalline, as such it can be thought of as a liquid, with a very high 
viscosity. Glass is formed from the silicates of sodium (Na2SiO3) and calcium 
(CaSiO3). Glass science has become a distinct branch of materials science, 
due to the unique properties exhibited by glasses and glass-like ceramics. It 
has been estimated that there are some 750 different types of commercially 
available glasses today. The uses of glass range from windows, bottles and 
cookware to glasses with special mechanical, electrical, high-temperature, 
chemical-resistant and optical characteristics [26, 45, 46, 50]. 
 
Table 2-1 Approximate chemical composition of commercial glasses [26, 46]. 
Weight Percent Material 
SiO2 Na2O B2O3 CaO MgO BaO Al2O3 
Silica Glass 99.5 - - - - - - 
96% Silica 
glass 
96.3 <0.2 2.9 - - - 0.4 
Soda lime 
window sheet 
71-74 12-15 - 8-10 2-4 - 1-2 
Soda lime 
electric lamp 
73.6 16 - 5.2 3.6 - 1 
Borosilicate low 
expansion 
80 3.8 12.9 - - - 2.2 
Borosilicate 
substrate 7059 
49  15   25 10 
Aluminosilicate 57 1 4 5.5 12 - 20.5 
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The chemical compositions of the commercially important glasses are listed in 
Table (2-1). Regardless of the source of the components used to produce a 
specific glass, the batch materials can be divided into five categories on the 
basis of their role in the process: glass former (SiO2, B2O3, P2O5), flux (Na2O, 
PbO), modifier (Al2O3), colourant (U2O5) and fining agent (NaCl, NaF, CaF2). 
The same component may be classed into different categories when used for 
different purposes [46]. 
 
2.2 Glass Types 
The most common glass is called window glass (soda glass). This kind of 
glass is not expensive, easy to manipulate, but breaks and scratches easily. It 
is prepared by heating a mixture of silica SiO2, Na2CO3 and CaCO3 in a 
furnace, according to the following equations [46]: 
 Equation 2-1 
 
  Equation 2-2 
 
Another common type of glass is borosilicate or Pyrex glass that is prepared 
from silica, boron oxide (B2O3), aluminium oxide (Al2O3) and sodium oxide 
(Na2O). It has a high softening temperature and is generally used for 
laboratory products such as beakers, test tubes and flasks. 
Water glass is another type of glass which mainly consists of sodium silicate 
Na2SiO3 or potassium silicate (K4SiO4). It is prepared by heating sodium 
carbonate with silica (SiO2) at 1100-1200°C, according to the procedure 
shown in Eq. 2-1. The resulting glass can be dissolved with high pressure 
steam to form a clear, slightly viscous liquid known as water glass, or liquid 
glass. An oxide modifier, Na2O, dissolves in the glass and modifies its 
characteristics such as its viscosity [51-53]. Soluble silicates are one of the 
oldest and most benign industrial chemicals. The industrial beginnings of 
sodium silicate start in 1818 but references to making sodium silicate-like 
products can be traced back as far as the ancient Phoenicians. One reason 
for the early development of soluble silicate was the relatively simple process 
for manufacturing it [54].  
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Silica gel (SiO2.H2O) is prepared when an acid is added to a solution of water 
glass, causing it to turn into a jelly-like substance [55-57]. If the gel is 
dehydrated by exposing it to heat, it forms a harder porous material that works 
as a good moisture absorbent and is used in packaging. 
Crystal glass is prepared from SiO2, lead oxide (PbO), potassium carbonate 
(K2CO3) and calcium carbonate (CaCO3). It is heavy and expensive and used 
in decorative and jewellery pieces. 
Coloured glass is prepared by mixing different chemical compounds into 
molten glass. These compounds give a particular colour to the glass, e.g. red 
colour (Cu2O and AuCl3), blue (CuO) and green (Cr2O3) [46]. 
 
2.3 Glass Formation 
Glass materials are formed by heating the glass compounds and then cooling 
the melt at appropriate cooling rates. Solid glasses may also be formed by 
heating liquid glasses, such as water glass, through dehydration or 
polymerization processes. The glass solidification process, either by cooling 
or heating, requires special techniques and precautions. These precautions 
are not only because of the toxicity of glass materials; they are applied for 
refining, i.e. removal of gaseous inclusions, or bubbles from the melt. Bubbles 
can be formed by physical entrapment or atmospheric gases during the initial 
phase of batch melting or by decomposition in the batch. Micro-cracks can be 
generated if the solidification has not been carried out within standard 
procedures [58]. 
2.3.1 Kinetic Theories of Glass Formation 
All liquids form glasses if they are cooled rapidly enough to avoid 
crystallization during solidification. Glass is the amorphous state created when 
molecules freeze at their liquid positions as the system drops below Tg [46]. A 
poor glass former needs rapid cooling to avoid crystallization, whereas a good 
glass former is characterized by low crystallization rates at all temperatures. 
Most metals and alloys are poor glass formers and crystallize within 
milliseconds in the deeply super-cooled phase [26, 45, 46, 59]. Examples of 
good glass formers include the classical silicate and borate glasses, 
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numerous organic liquids, several binary ionic salts and a few metallic alloys. 
The cooling rate must be large enough so that no appreciable amount of 
crystalline material is formed. It cannot be excluded that some glasses have 
crystalline regions. If some crystals grow in the interior of a glass, the optical 
properties of the glass, will be changed, e.g. light scattering by crystalline 
regions will deleteriously affect the transmission of light by an optical fibre.  
Figure 2-1 shows the effect of cooling rate on the formation of the glassy or 
crystalline microstructure. To avoid crystallization, the cooling rate must be 
higher than the critical cooling rate. Slow cooling rates allow a sufficient time 
within the melt for embryos, i.e. seed nuclei, to form and solidify a crystalline 
structure. This explanation is valid for most of the materials that have the 
ability to form different microstructures by controlling the cooling rates. At the 
same time, the stability and predominance of each phase can be changed 
according to chemical composition [46, 60].  
 
 
Figure 2-1 A time-temperature-transformation curve for a glass formation melt [46, 60]. 
 
Solidification refers to a combination of two processes: nucleation and crystal 
growth; the former requires the presence of a nucleus on which the solid entity 
will subsequently grow to a detectable size. The nucleus may be 
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homogeneous, i.e. forming spontaneously within the melt, or heterogeneous, 
i.e. forming at a pre-existing surface, such as that due to an impurity or 
crucible wall [46, 59, 61]. 
From the thermodynamic point of view, Eq. 2-3 describes the formation of a 
nucleus. The net change in energy, W, as a function of radius, r, of a spherical 
nucleus is given by [46]: 
  Equation 2-3 
 
Where the first term represents the change in volume free energy (ΔGν is the 
change in volume free energy per unit volume), and the second term 
represents the change in surface energy as the nucleus grows in size. ΔGν is 
negative for temperatures below the melting point (Tm) of the crystal, while the 
surface energy increases as the nucleus grows in size: the two terms 
therefore have opposite signs. When the nuclei are small, the surface energy 
term will dominate at very low values of r, W will increase with increasing r, 
and the nucleus will be unstable. If, however, the nucleus can survive to grow 
to a large enough size (critical size), the first term will become larger than the 
second and W will begin to decrease with increasing nucleus size, and the 
nucleus will become stable [46].  
In general, solutions or solid materials have different levels of solubility; 
completely soluble, partially soluble and no solubility at any concentration. In 
the partially soluble case, for example, a mixture of elements A and B, the 
element A can dissolve a certain concentration of element B. However after 
that concentration, the element B will precipitate and create a separate phase. 
This phenomenon can happen in the liquid state, such as dissolving salt in 
water, or the solid state, such as Al-Cu alloys. From a thermodynamic point of 
view, these phase transformations occur toward the phase that possesses the 
lowest free energy [45, 46].  
In glass materials the same phenomenon occurs, as the concentration, i.e. the 
composition percent, of the glass formers or modifiers such as Na2O, B2O3 
can lead to phase separation at specific temperatures, while the same 
composition can be soluble when the temperature is raised or lowered [45, 
62].  
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Figure 2-2 shows an idealized phase diagram for a binary system exhibiting 
stable and metastable “immiscibility”, sometimes called insolubility. Heating a 
batch to a temperature above a critical temperature (Tc) results in a 
homogeneous liquid. However, by reducing temperature to lower than Tc, 
immiscibility may occur. The occurrence of immiscibility depends on the 
material components. Metastable immiscibility occurs in a number of systems, 
including binary sodium silicate and lithium silicate systems, and the ternary 
sodium borosilicate system. Sodium silicate and sodium borosilicate glasses 
are easily formed with such fine scale morphology that they appear 
homogenous to the naked eye [46].  
Kwon [63] used sodium silicate with fluorosilicic acid (H2SiF6) to produce 
Magadiite (Na2Si14O29.9H2O) and Kenyaite (Na2Si22O45.10H2O). These two 
compounds have good adsorption and ion exchange properties characteristic 
of clay minerals, therefore they can be used as a basic material to design and 
construct new nanomaterials. He observed different morphologies of loosely 
packed aggregates, such as spheres and leaves, from the compounds 
produced. Visser [62] observed so-called “craters” at interfaces between 
anodically bonded glass wafers (Pyrex 7740, Hoya SD-2) and silicon wafers. 
He found that these craters, encircled by various leaf-like patterns, with 
diameters of 100–200µm, occur where both sodium and oxygen are found. He 
attributed this phenomenon to a redistribution of the sodium content inside the 
glass under external voltage or temperatures.  
 
 
Figure 2-2 Idealized phase diagram for a binary system exhibiting immiscibility [46]. 
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There are two mechanisms by which phase separation can occur. The first 
mechanism is similar to that discussed earlier, where a nucleus is formed and 
then grows with time. The second mechanism is termed spinodal 
decomposition. This mechanism involves a gradual change in composition of 
the two phases until they reach the insolubility boundary [46]. 
 
2.4 Glass Structure 
Silicon is in group IV of the periodic table and tends to bond with four separate 
oxygen (O) atoms. In three dimensions, Si and O atoms arrange to form a 
tetrahedron of oxygen atoms with a Si atom at the centre, as shown in Figure 
2-3a. 
Generally, each Si has four bridging oxygens (BO) on each tetrahedron, with 
Si-O distance = 1.63Å, O-O distance = 2.65Å and Si-O-Si bond angles (θ) = 
144 ± 10º. A very open structure may be built in many ways, which depend on 
the cooling rate and the thermal history, and which may cause crystalline 
(quartz) and glassy (non-crystalline) phases, as shown in Figure 2-3b and 2-
3c respectively [26, 46, 47, 61]. 
Zachariasen [64] (1932) predicted the continuous random network for 
describing the structure of glass [46, 64]. He observed that oxygen atoms are 
bonded to two silicon atoms forming Si-O-Si chains. In Figure 2-3d the 
continuous random network is shown this time when Na2O is added to the 
structure (or more generally an alkaline or an alkaline earth oxide). Na+ is 
called a modifier since when added to the glass it modifies the Si-O network. 
Na+ ions are charged with a positive charge (+e) and each of them are 
compensated by the formation of one non-bridging oxygen atom that holds a 
negative charge (-e). Therefore, in a glass containing modifying ions, non-
bridging oxygen (NBO) atoms appear (as opposed to bridging oxygen atoms) 
that form the network. Accordingly, every alkali ion creates one new non-
bridging oxygen, and every alkali oxide (Na2O) molecule creates two non-
bridging oxygens, as shown in Figure 2-3d. Usually alkalis act as fluxes and 
modifiers to decrease viscosity and Tg. In general, adding alkalis increases ion 
density, filling in the holes in the network [45, 46]. 
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Figure 2-3 SiO2 structure; a) elemental tetrahedron, Si bonds to four O, b) crystalline 
form of SiO2, c) glassy form of SiO2, d) glassy form of SiO2 modified by Na+ ions [26, 
46]. 
 
Borosilicate glasses play an important role in glass manufacturing since they 
are corrosion resistant to water and have low CTE. They are composed of 
silicon and boron (B) atoms that form the network. The resulting network is 
softer than silica with lower viscosity and lower Tm. Contrary to what happens 
when modifiers are introduced in silica, the bond potential remains 
symmetrical in borosilicate inducing low variation in the mean distances 
between atoms with increasing temperature, leading to a low CTE  [26, 45].  
 
2.5 Glass Properties 
Since glass is a brittle material, the field of its application is mainly determined 
by the required properties. For instance, due to its transparency properties, it 
is used for packaging and optical applications [17, 30, 37, 42, 53], while its 
insulation properties make it a thermal and acoustic insulator in concrete, and 
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due to its low CTE, and relatively stiff (high E), it is used in composite 
materials [17]. Achieving specific properties of glass has become possible by 
controlling the chemical composition and by adding network modifiers. Na2O 
is the main oxide which dissolves in glass and modifies the characteristics of 
glass such as viscosity, however other oxides such Al2O3, B2O3, P2O5, K2O, 
CaO and MgO are also used. Heat treatments, such as annealing, can also 
be applied to modify the glass properties. 
2.5.1 Physical Properties 
In the case of crystalline materials, a sudden decrease in volume occurs 
during solidification at the melting (freezing) point. However, this event does 
not occur for glass formation. The volume continues to decrease moderately, 
at approximately the same rate below the freezing point, until a temperature is 
reached where the structure undergoes no further changes in the 
arrangement of atoms or molecules, which is defined as Tg. Faster cooling 
rates produce a higher Tg and the result is a more random or amorphous 
structure. Tg is affected by the manufacturing process and cooling rate, 
composition and radius of alkaline cations. Figure 2-4 shows how the 
temperature affects the viscosity of soda-lime-silica, and defines some other 
temperatures such as the annealing and softening points [46]. In SI units, 
viscosity is given in N.s.m-2, or since a Pascal is a N.m-2, the viscosity is often 
reported in Pa s. For comparison, the viscosity of water at room temperature 
is 0.001 Pa.s. 
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Figure 2-4 Effect of temperature on viscosity of soda-lime glass [46]. 
 
When the temperature of a substance changes, the energy that is stored in 
the intermolecular bonds between atoms changes. When the stored energy 
increases, so does the length of the molecular bonds. As a result, solids 
typically expand in response to heating and contract on cooling; this 
dimensional response to temperature change is expressed by its CTE, or α [1, 
46]. In isotropic materials, the effect is the same in all directions. Over a 
limited range of temperatures, the thermal strain, ε, at a given temperature, T, 
can be assumed to be proportional to the temperature change, ΔT. That is: 
 Equation 2-4  
 
where T0 is the reference temperature where the strain is taken to be zero.  
Figure 2-5 is a schematic diagram that shows the heating effect on two 
different bonded materials with different CTE. The variations in the expansion 
due to CTE differences cause different loads and stresses.  
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Figure 2-5 Effect of different CTE values on bonding; a- Two different materials are 
exposed to heat, CTEB > CTEA, b- creation of shearing force due to different 
displacements between upper and lower surfaces.   
 
When the distortion is produced by a shearing force (V), a shearing strain 
occurs; it is defined by the ratio of a small horizontal displacement (λ), to the 
height (H), and is approximately equal to a small distortion angle (γ), 
according to the following equation [65]: 
  Equation 2-5 
 
Thermal conductivity (k) is another physical property of a material that must be 
considered. Heat transfer by conduction involves transfer of energy within a 
material without any motion of the material. Conduction takes place when a 
temperature gradient exists in a solid (or stationary fluid) medium. Conductive 
heat flow occurs in the direction of decreasing temperature. Thermal 
conductivity is defined as the quantity of heat (Q) transmitted through a unit 
thickness (L) in a direction normal to a surface of unit area (A) due to a unit 
temperature gradient (ΔT) under steady state conditions and when the heat 
transfer is dependent only on the temperature gradient. In equation form this 
becomes the following [3, 60]:  
 Equation 2-6  
 
Thermal conductivity is measured in watt per Kelvin per meter (W.m−1.K−1).  
In general, glass has low thermal conductivity, it does not exceed 2W.m-1.K-1. 
While, for comparison purposes, the thermal conductivity of other materials 
such as epoxy resin, silicon, copper and silver are 1, 150, 385 and 406W.m-
1.K-1 respectively [1-3, 60, 66, 67].  
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2.5.2 Electrical Properties 
According to Ohm’s law, the current (I) through a conductor is increased with 
increasing applied voltage [68]. In contrast, dielectric or insulator materials, 
such as glass and organic polymers, must not pass current under any applied 
voltage. However, these material properties interact with other electrical 
variables, such as the type of current, i.e. AC or DC, frequency, temperature, 
and their interconnect with other electronic components [3]. 
For applications that need high electrical resistance, the resistivity of glass 
materials can be developed by increasing the activation energy of the bonds 
in the glass composition; therefore higher temperatures are needed for a 
significant number of ions to break free and diffuse. Larger, doubly charged 
ions, such as Ba2+ instead of Na+ can increase the electrical resistivity [45, 
46]. The double charge means stronger bonding forces and the larger size 
makes diffusion more difficult.  
Table 2-2 shows the physical and electrical properties for several borosilicate 
glasses, classified according to Corning numbers. 
 
Table 2-2 Properties of common commercial borosilicate glasses [46]. 
Property 7740 
labware 
7070 
electrical 
7059 
substrate 
7052 
sealing 
Density (g/cm-3) 2.23 2.13 2.76 2.27 
CTE at 0-300oC (10-6 / oC) 3.25 3.2 4.6 4.6 
Annealing point (oC) 570 496 639 480 
Young’s modulus (GPa) 63 51 68 57 
Poisson’s ratio 0.20 0.22 0.22 0.20 
Dielectric constant at 1 MHz, 20 oC 4.6 4.1 5.9 5.1 
Refractive index 1.474 1.469 1.53 1.484 
 
One of the most important properties that insulators must have in electronics 
applications is low dielectric constant (Dk), (sometimes called relative 
permittivity) which is the ratio of the measured capacitance (C), with the 
dielectric material between two electrodes, to the capacitance with a vacuum 
or free space between the electrodes [2, 3, 68, 69]: 
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 Equation 2-7  
 
where Cm is the capacitance with material m as the dielectric, and Cv is the 
capacitance with a vacuum as the dielectric.   
The relation between C and Dk can be shown in the following equation [2, 3, 
68]: 
 Equation 2-8 
 
where C is the capacitance in Farad, Dk is the dielectric constant, ε0 is the 
permittivity of free space, A is the area of the plates and d is the plate 
separation. 
The dielectric constant is a dimensionless number, which typically is inversely 
proportional with frequency and increases with relative humidity (RH%) [3].  
For integrated circuit manufacture, it is desirable that the insulator has low Dk, 
because the delay of signal propagation through a conductor depends on the 
dielectric constant of the insulating material, according to the following 
equation [2, 70]: 
  Equation 2-9 
 
where vP  is the signal propagation velocity, c is the speed of light. 
The dielectric constant is also used to determine the ability of an insulator to 
store electrical energy, especially in capacitors. Therefore, when a material is 
to be used in electrical applications where high capacitance is needed, a 
higher dielectric constant is required [2, 70]. 
There are several methods for performing dielectric constant measurement, 
however, as shown in Eq. 2-6, because the relation between capacitance and 
plate separation for a parallel plate capacitor is very simple, the parallel plate 
method (ASTM D 150) is the most common method. Figure 2-6 shows a 
schematic diagram as used by Grove [71] to measure the dielectric constant 
of an insulator placed between two single metal sheets. The separation 
distance between the conductors, i.e. thickness of the insulator, is (d). To 
flatten the capacitor and to remove the air between the sheets, a piece of 
particle board is placed on top of the upper metal sheet.  
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Figure 2-6 Parallel plate method for measuring dielectric constant [71]. 
 
Breakdown voltage is another electrical property, which is defined as the 
voltage gradient that an insulating material can withstand before an arc forms 
through the material. It is expressed in megavolts per mm or (V/mil) [1, 5], 
where a “mil” is one thousandth of an inch. In general, the breakdown voltage 
of glass materials is high, between 200 and 400 kV/mm [69]. 
2.5.3 Mechanical Properties 
Zachariasen [64] noticed similar mechanical properties, i.e. elastic modulus, 
Poisson’s ratio, etc between glasses and other crystalline materials. 
Therefore, he expected similar structural atomistic building blocks. If glass is 
elastically deformed, it will return to its original dimensions upon release of the 
applied loads. However, glass does not display any significant plastic 
deformation and fracture occurs before any permanent deformation takes 
place. In general, the modulus of elasticity and modulus of rigidity for soda-
lime glass are around 60-70GPa and 20-30GPa respectively [26, 45, 46, 60, 
65]. Table 2-2 shows that the E values of borosilicate glasses are lower than 
that of soda-lime glass.  
Glass always fails from a tensile component of the applied stresses. This is 
true even when glass is loaded in compression, due to Poisson’s ratio (υ) 
effects. The relatively low strength of bulk glass is attributed to the presence 
of small flaws and microcracks on the surface of the glass, some or all of 
which may be introduced during normal handling of the glass by inadvertent 
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abrading. These defects reduce the strength of glass by two to three orders of 
magnitude, compared with its ideal (defect-free) strength [26, 50, 72]. Since 
glass material exhibits very brittle behaviour, it has very low fracture 
toughness (KIC) values. Investigations [26, 72-74] showed that the fracture 
strength, and fracture toughness of soda lime glass are around 70MPa, and  
less than 1MPa.m0.5 respectively. Table 2-3 shows the KIC of several 
materials: as can be seen, ductile metals have high KIC values while brittle 
materials show low values. Wiederhorn [27, 75] and Haldimann [74] 
considered the ageing effect on hysteresis in glass materials, when an aged 
crack will not re-propagate immediately on reloading. They attributed this 
hysteresis effect to re-nucleation of the aged crack in a plane different from 
the original, as the path of the crack has to turn around in the area just in front 
of the former crack tip. In fracture mechanics approaches, there is a 
pronounced size effect on the strength characteristics of the material. This 
means that a small section can display much greater fracture toughness 
values than that of larger sections, even though the composition is identical, 
due to the presence of fewer stress raising defects in the smaller part.  
 
Table 2-3 Fracture toughness (KIC) values of several engineering materials [65]. 
 
The strength of glasses is statistically defined, for example as failure 
probability under load or for varying environmental conditions. It depends on 
the entire history, which leaves mechanical and chemical traces on its surface 
and its edges. The stronger these traces, the lower in the strength and the 
higher the failure probability of the glass [48].    
The strength of glasses usually decreases with time under normal ambient 
conditions. This effect, known as static fatigue, is due to interaction of the 
glass with the surrounding atmosphere, resulting in crack growth under 
constant load. As a general rule, if a glass item must withstand a load for 1000 
Metals Ceramics Polymers  
Materials Al 
alloys 
Steel 
alloys 
Soda-
lime 
glass 
Concrete Polymethyl 
methacrylate 
Poly-
styrene 
KIC 
MPa.(m)0.5 
36 50 0.7-0.8 0.2-1.4 1.0 1.0 
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hours or longer, the maximum stress that can be applied to it is approximately 
one-third the maximum stress that the same item can withstand during the 
first second of loading [50]. Higher failure strength is observed when the load 
is increased rapidly than when it is increased slowly. Since the latter effect is 
observed under changing load conditions, it is often called dynamic fatigue. 
Both static and dynamic fatigue disappear for samples tested at liquid nitrogen 
temperatures [46].  
2.5.4 Chemical Properties 
Investigations [26, 72-74] showed that in vacuum, the strength of glass is 
time-independent. In the presence of humidity, however, strength depends on 
the action history because surface flaws that are exposed to tensile stress 
grow with time. Glasses have a wide range of resistances to moisture 
penetration. Permeation refers to the process by which molecules (such as 
H2O) embed themselves in a solid (such as sealant materials) and eventually 
pass through it. The durability of glass materials depends entirely on the 
chemical composition and heat treatments [23, 56, 57, 72, 76, 77]. The 
material property that describes moisture penetration to materials is 
permeability, which is a measure of the ability of a material to transmit fluids. 
Henry Darcy defined a constant of proportionality by establishing a 
mathematical formula, called Darcy’s law, which describes a liquid flow in 
materials, as below [78]: 
  Equation 2-10 
 
where Q is the flow rate of liquid through a specimen in g/sec, Δp is the 
hydrostatic pressure difference across the specimen in cm, L is the length of 
the specimen in cm, A is the cross sectional area in cm2 and k is the 
permeability constant of the material, or so-called Darcy’s permeability of the 
material in g/cm.s.torr. 
Figure 2-7 shows the time scale for moisture penetration through various 
materials. The time required for moisture penetration for glass materials 
ranges from days to years. The water absorption (WA%) method is also used 
to describe permeation by placing a pre-weighed sample in a humid 
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environment at a particular temperature and pressure for a specific time and 
then reweighing to determine the absorbed water [3, 11].   
 
 
Figure 2-7 Rates of water permeability for various sealant and packaging materials [3, 
9, 11]. 
 
On the other hand, corrosion fatigue of silicate glasses is generally attributed 
to the stress-enhanced reaction of water with the silicate lattice at the crack 
tip, as expressed by the reaction [46]: 
  Equation 2-11 
 
This reaction between the silicate network and water molecules results in 
sharpening of the crack tip instead of lengthening of the crack. Increases in 
humidity increase the fatigue rate by providing a higher concentration of 
reaction.  
2.5.5 Optical Properties 
Many applications of glasses are based on the combination of a wide range of 
optical properties, with ease of fabrication in simple and complex shapes. The 
optical properties of glasses influence their applications from the ordinary 
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desire for transparent containers to the cutting edge of technology in the areas 
of telecommunications and the potential for optical computers [36]. Table 2-2 
shows the refractive index of some selected glasses [46].  
Special glasses are used in fibre optics for  communication, and in glass fibres 
with high strength for reinforced plastics [1, 3]. Optical glasses can be 
produced with improved transparency for a desired range of wavelengths. 
This is the case for silica lenses and fibres used in optoelectronics 
technologies where, for example, silica-based fibres achieve low optical 
losses over tens, or hundreds of kilometres. These are used for transatlantic 
communications cables, telecoms and cable TV  [36, 79]. 
Ultra thin flexible glass is used for large area flat displays [80], as these sheet 
glasses are replacing  conventional cathode ray tubes (CRT). These flat panel 
displays consist of a plasma part and a liquid crystal cell which are separated 
from each other by a very thin glass sheet. The variations in the liquid crystal 
cell thickness must be as small as possible, to improve the picture without 
brightness variations. This technique has been approved by producing large 
(up to 1m2), thin (less than 50µm), and accurate (the thickness variation is 
less than 6µm) glass sheets [49, 80]. 
 
2.6 Summary 
In this chapter the main properties of glass materials were described, together 
with their relationship to those required for substrates. Glass materials provide 
many good properties that make them suitable for manufacturing substrates. 
However, to produce a multilayer glass substrate, challenges still exist to 
identify manufacturing methods to bond layers of glass together, and the 
following chapters investigate these issues in more detail. 
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CHAPTER THREE 
 
3 BONDING OF SILICA-BASED MATERIALS  
In addition to introducing different bonding processes, this chapter also 
illustrates the effect of the surface chemistry of the silica-based materials on 
bonding. Different bonding techniques for silicon and glass materials are 
described including bonding with and without intermediate materials. In 
addition, the importance of bonding processes in electronics packaging and 
applications is explained.  
Bonding is an essential step not only for substrate lamination, it is important 
for most electronic packaging levels, such as chip-laminate-chip (CLC), 
formation of three dimensional (3D) structures and also in system on package 
(SoP) for bonding discrete and passive components on substrates [2, 15, 81-
92]. On the other hand, glass is used in electronic devices, and in some 
applications has to be bonded with other components such as silicon on 
insulator (SoI) [86, 92, 93], microfluidic chip [94], micro-electro mechanical 
systems MEMS [95], micro-total analysis system (µTAS) [52, 81, 96, 97], and 
flat panel applications [80]. Besides glass-glass or glass-silicon bonding, 
electronics packaging requirements need glass materials bonded with other 
materials, such as III-V compounds, crystalline quartz, silicon carbide, 
sapphire and many other materials. Alloys of Group III (B, Al, Ga, In) and 
Group V (P, As, Sb, Bi) elements, also other related compounds, provide 
themselves in good combinations to the design of multi-junction cells; for 
example, indium phosphide (InP), gallium antimony (GaSb), and the more 
commonly used GaAs are examples of such III-V materials. III-V compound 
bonding has enabled the fabrication of a variety of optoelectronic devices, 
photovoltaic and the production of highly efficient light-emitting diodes (LEDs) 
 [3, 26, 50]. The variety of material structures and their abilities for bonding 
presents a wide range of bonding mechanisms available in industry.  
For this study, the possibility of bonding the glass sheets, with or without an 
intermediate material, to create multilayer high density interconnect substrates 
is the major aim.  
 43 
3.1 Historical Background and Technology Review 
Although direct wafer bonding has only recently been added to the toolbox of 
microelectronics and micro-systems technology, the basic phenomenon has 
been known and used for many centuries. Around 1230-1240 the Franciscan 
friar Bartholomaeus Anglicus, one of the medieval encyclopaedists digesting 
and compiling other sources, stressed the importance of cleanliness when 
joining silver and gold [83, 98]. When reasoning about the cohesion of solids, 
Galilei invoked a hypothetical experiment which possibly is the first discussion 
of the adhesion of solids with plane surfaces. He argued that two completely 
flat, smooth and polished plates of marble, metal or glass, one placed on top 
of the other, would adhere to each other if one tried to lift the upper one, 
whereas two plates with rough surfaces would not, and he asserted that it is 
the vacuum which would be created upon separation of the smooth bodies 
which causes the adherence between the plates. 
Around the year 1700, Isaac Newton (1642–1727) [87, 98] was surprised to 
see a black spot appear when he placed two highly polished optical prisms on 
top of each other, one of which had a slightly curved surface. This spot was 
surrounded by coloured rings, which later came to be referred to as Newton’s 
Rings. He recorded these findings in his book “Optics”. However, the link 
between Newton’s black spot and direct bonding was only discovered much 
later by Lord Rayleigh the Younger.  
The phenomenon of Newton's rings is an interference pattern caused by the 
reflection of light between two adjacent flat, or spherical surfaces. When 
viewed with monochromatic light it appears as a series of concentric, 
alternating light and dark rings centered at the point of contact between the 
two surfaces. When viewed with white light, it forms a concentric ring pattern 
of rainbow colors because the different wavelengths of light interfere at 
different thicknesses of the air layer between the surfaces [83, 98].  
In 1936, Robert John Strutt, fourth Baron Rayleigh (1875-1947) [98], reported 
probably the first thorough scientific study of room temperature adherence 
between glass slides. Evaluating the reflective properties of the room 
temperature bond interface, he arrived at an average separation between the 
bonded glass plates of ca. 10-30Å which did not decrease when the samples 
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were pressed together. However, from his comparison with bonded samples 
annealed short of the softening point, an atomically small separation between 
the bonding surfaces was inferred. The phenomenon that mirror-polished 
oxidised or non-oxidised silicon surfaces bond to each other when they make 
contact at room temperature was first reported in 1985/1986 independently by 
two research groups [99, 100].  
Nowadays silicon wafer bonding has become a powerful method for the 
fabrication of unique devices and structures such as in very large scale 
integration (VLSI), power devices and optoelectronics [83, 84]. At the same 
time, recently, due to the unique properties that glass materials can provide, 
they have become more important in the packaging and assembly of 
sophisticated electronics [83, 84, 93]. Besides the targets of the current 
project, i.e. using borosilicate glass materials as a substrate, glass materials 
have been used in many different applications such as (SoI) [86, 92, 93], 
MEMS [95], flat panel displays [80] and µTAS [52, 81, 96, 97]. The techniques 
mentioned above used glass materials as substrates for many applications 
such as making physical sensors, chemical sensors, and fabrication of micro-
channels, valve pumps, and detection systems. Meanwhile, glass materials 
provide good reliability and can create a hermetically sealed package [3, 5].  
 
3.2 Effect of the Surface Chemistry on Bonding 
When bonding two materials together, the strength of the bond will depend on 
the interactions between the surface atoms of the two materials. This 
interaction may be weak, e.g. Van der Waals forces, or could involve chemical 
bonding, e.g. covalent bonding. Therefore, one of the parameters that has a 
direct influence on the bonding mechanism is the surface chemistry of the 
material, for example, whether the surface has an oxide layer and its level of 
cleanliness .  
This is a large subject area in itself and therefore this review will focus on 
surfaces relevant to glass-to-glass bonding. There has been considerable 
study of the bonding of glass surfaces in the literature, but since silicon wafer 
bonding has been used within electronics technologies for some time, it is 
further developed than glass wafer bonding. However, the structure and 
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chemical composition of the oxidised silicon surface is very similar, if not 
identical to that of the surface of glass, fused silica and quartz [46, 83-85]. 
Therefore, the chemical reactions and processes which take place during 
silicon bonding, are very similar to those expected in glass bonding and much 
can be learned from considering this area of work. 
The first step to study the silica-based materials surface is to start from the 
bulk structure and move towards the surface. The presence of the surface 
allows for the interaction of glass with the atmosphere. Hence, the surface 
structure is changed by the physical and chemical interactions with the 
surrounding media [45, 46]. For instance, immediately when silica cools down, 
after melting, the surface reacts with water molecules to form silanol OH 
groups. In general, water in silica glasses undergoes the following reaction 
[87, 101]: 
  Equation 3-1 
 
In addition to the natural condition of the surface material, the surface 
chemistry can also be influenced by the type of interactions that take place 
during bonding processes, such as cleaning by chemical solutions, and 
heating. For example, molecular groups such as SiOH, SiH, can be created 
after cleaning of the surface and, as a consequence, have an effect on the 
bonding energy of the interface. The structure of the material surface and 
nature of the molecular groups which are created on the cleaned surfaces, 
consequently defines whether the surface is hydrophilic or hydrophobic. The 
following section reviews the cleaning processes used in bonding and their 
effects on surface chemistry.  
3.2.1 Surface Cleaning 
Achieving certain levels of surface cleanliness and flatness of the silica-based 
material are essential for all bonding types. For example, successful bonding 
of planar glass chips can be achieved by providing clean glass surfaces. This 
fact has been confirmed and reported by Chiem et al. [102] and has now 
become a broadly accepted reason for the requirement of a clean-room 
environment during chip fabrication. Clean rooms are classified according to 
different standards, such as (ISO) and US FED STD 209E. According to the 
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latter standard, the clean room is classified by how many particles of 0.5µm or 
larger in diameter are allowed in one cubic foot of air. Each class in this 
standard has an equivalent definition in ISO, for example, class 10,000 is ISO-
7. With increasing size of the contaminants, larger than 0.5µm, their allowed 
number is decreased for the same clean room class. In general, clean rooms 
range in classification from class 1 to 100,000 [1]. 
The contaminations which play an important role in wafer bonding can be 
classified as: particle contamination (dust, hair, fibres), organic contamination 
(hydrocarbons from the air, plasticisers from wafer boxes) and ionic 
contamination (metal ions from metal tweezers or glass containers) [83]. 
Figure 3-1 shows the surface contaminants that are frequently present on a 
cleaned hydrophilic glass surface. 
 
 
Figure 3-1 Representation of the hydrophilic cleaned surface with contaminants [98]. 
 
Under ideal conditions the surface of a glass article is atomically smooth [46, 
64, 103]. As such, the aim of the cleaning process is not for surface 
smoothing, rather for removal of contaminants [87, 104]. Different solutions 
and procedures, depending on the required outputs have been used by many 
investigators for glass cleaning and surface preparation. However, 
precautions need to be taken in the selection of the cleaning solution. For 
example, strong acids or alkalis are not always recommended for cleaning, as 
those solutions might roughen the surfaces, and as a consequence create 
unbonded areas. 
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3.2.1.1 Particulate contaminants 
Particulate contaminants act as spacers inhibiting the interaction between 
opposing surface species. As a consequence, unbonded areas result, which 
are often many times larger (up to 10 times) than the particle itself, though this 
depends on elasticity and dimension of the wafer [83, 84, 103, 105]. Organic 
contaminants usually do not lead to unbonded areas during bonding at room 
temperature because they are present on the surface as single molecules or 
as a film and thus do not greatly affect the surface roughness. However, they 
may be responsible for the nucleation of interface bubbles during annealing 
and for weakly bonded regions [58]. 
To minimise the re-contamination of glass wafers, the surfaces must be 
contacted directly after cleaning. A clean environment is absolutely necessary 
to ensure a high bond yield. Thus, bonding is usually carried out in a high 
quality clean-room. Typically a class 10, or better class 1, clean-room is 
chosen for bonding silicon wafers. However, even in this clean environment 
bubbles caused by particulates may be detected. If such levels of clean-rooms 
are not available, other techniques have been developed such as bonding 
under ultra-pure water and drying after plasma activation [106]. 
3.2.1.2 Bonding of Hydrophilic Surfaces 
Many investigators showed that cleaning glass materials with alkaline 
solutions may enhance wettability, with hydrogen bonding, due to the 
remaining OH on the surface, as shown in Figure 3-2. The native oxide layer 
is usually terminated by SiOH, so-called silanol groups, around 4-5 per nm2 
for a fully hydrolysed silica surface [83, 101]. These silanol groups, as shown 
in Figure 3-2, render the silicon surface hydrophilic and govern the surface 
chemistry of silica based surfaces.  
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Figure 3-2 Schematic drawing of the surface of a hydrophilic silicon wafer covered with 
a native oxide and chemisorbed water molecules [98].  
 
Pures [53] mentioned that the key characteristic of the silica surface is that the 
‘residual valencies’ react with water so that at ordinary temperature the 
surface becomes covered with silanol (SiOH) groups. The number of the 
silanol groups formed is increased by the hydrophilization treatment of the 
wafers. Water is then ‘physically adsorbed’ on the silica hydroxilated surface. 
Hydrogen-bonded clusters of H2O molecules are further formed, even before 
all the SiOH groups have adsorbed water molecules. 
The hydrophilicity of a silica-based material wafer can be easily determined by 
measuring the contact angle that a drop of water forms on the wafer surface. 
On a hydrophilic surface the drop of water will spread over a large area. As a 
consequence, the contact angle will be small (<5o). Briefly, hydrophilicity 
depends on both adsorption and diffusion of molecular water (H2O) hydrogen 
bonded onto the surface, and the presence of surface OH groups on the glass 
surface, when exposed to water [107]. 
 
 
Figure 3-3 Schematic drawing of the bonding of two hydrophilic surfaces at room and 
high temperatures. 
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Figure 3-3 shows schematically the situation when two glass surfaces are 
brought together. Initially, at room temperature the bonding phenomenon 
seems to be entirely based on weak Van der Waals forces and hydrogen 
bonds between the silanol groups and water molecules on the two surfaces. It 
is widely accepted that SiOH groups can condense with each other at room 
temperature, or slightly above, forming Si-O-Si and water: 
 Equation 3-2 
 
Investigators from the sol-gel glass literature have found that the conversion 
of SiOH groups into Si-O-Si units can be successful at low temperatures, as a 
large number of SiOH groups are present on a hydrophilic silicon surface.  
Jia [108] outlined the bonding process for glass chips type SG2506: wafers 
were cleaned, dried, soaked in concentrated H2SO4 for 8-12 hours, and 
cleaned again under a continuous stream of deionised (DI) water flowing 
between the two vertically held wafers. After 3 hours bonding at room 
temperature, the bonding was weak. The observations and results supported 
the assumption that a hydrolyzed gel layer formed on the glass substrate 
surface after soaking the plates in acid or water for relatively extended periods 
of at least a few hours, during which most of the Si-ONa groups near the 
surface of the chips are transformed into SiOH groups. After intimate contact 
of the hydrolyzed surface and standing at room temperature, the SiOH groups 
gradually dehydrate, forming siloxane bonds, and terminate with a 
condensation-polymerisation. The study showed that the natural dehydration 
process is slow, apparently being determined by the speed of water 
evaporation from the bonded surface, and in that work 30 days was required 
to reach an equilibrium state when maximum bonding strength was achieved.  
Hydrophilic glass is usually covered with water molecules which interact with 
the surface silanol groups through the formation of hydrogen bonds [101]. 
One of the problems in this bonding technique is the creation of a trapped gas 
mixture above 400oC, with the possibility of water diffusing along the interface 
until they find a cavity or form an interface bubble around a nucleus.  
  Equation 3-3 
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The water for this reaction originates from the few monolayers of water which 
are present on a hydrophilic silicon surface. Furthermore, additional water is 
formed during the condensation reaction between silanol groups. Therefore, 
the condensation reaction described in Eq. 3-2 is in principle reversible. Thus, 
water molecules formed during the condensation of silanol groups may cleave 
siloxane units, thereby weakening the adhesion. 
3.2.1.3 Bonding of Hydrophobic Surfaces 
Although not directly relevant to glass-glass bonding, Si-Si bonding through 
hydrophobic surfaces is another approach and is reported here for 
completeness. In some applications such as (111) Si, the surfaces require the 
absence of any oxide layer. In this case, silicon dioxide (SiO2) layers must be 
removed, and this will lead to creation of a hydrophobic silicon surface. 
Removing such a silicon oxide, via dipping in cleaning solutions, provides 
better bonding strength than hydrophilic surfaces, especially at high annealing 
temperatures. During etching of (111) Si surfaces, hydrofluoric acid and 
buffered ammonium fluoride solution have been recommended [95, 98, 109]. 
The oxide dissolves during a dip in the etching solution and the remaining 
bare silicon surface is mainly terminated by hydrogen, giving a hydrophobic 
surface that is no longer wetted by water (contact angle with water of 60-70o). 
The bonding between hydrogen terminated silicon surfaces is caused initially 
by the formation of Van der Waals forces between the H-atoms located on 
opposing wafer sides. During bonding, the hydrogen in the interface of 
hydrophobic silicon wafers is desorbed: 
  Equation 3-4 
 
Figure 3-4 shows that although hydrophobic bonding needs higher 
temperature than hydrophilic surfaces, it provides better bond strength. Due to 
the high temperatures to which it is exposed, oxidation of the surface of a 
silicon wafer generates a thermal oxide, a particularly a dry oxide that is 
relatively dehydrated, i.e. it lacks silanol groups and is therefore hydrophobic. 
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Some authors [98] attribute the interaction between hydrophobic silicon 
surfaces entirely to hydrogen bonds formed by minority impurities such as Si-
F or SiOH groups present on the opposing surfaces.  
Figure 3-4 showed that the hydrogen bonds in hydrophilic surfaces can be 
generated between 110-200oC, and then stronger bonds, i.e. Si-O-Si bonds 
would be created between 200-700oC. For hydrophobic surfaces, Van der 
Waals bonds can be created between ambient temperature up to 400oC, and 
the bonding energy is linearly increased by creating Si-Si bonds with 
increasing temperature. It is obvious that each mechanism behind the kind of 
molecular bonds created subsequently determines the bond strength [107]. 
 
 
Figure 3-4 Fracture surface energy of hydrophilic and hydrophobic bonded wafers as a 
function of annealing temperature [98]. 
 
3.2.1.4 Interface Bubbles 
The explanations described above clearly indicate that the main problem 
which is frequently associated with wafer bonding is the formation of interface 
bubbles [58, 84]. In principle, there are two different kinds of interface 
bubbles; bubbles which occur in the as-bonded interface at room temperature 
and bubbles which are generated at elevated temperatures, typically at 200-
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800oC. Moreover, the indications are that interface bubbles formed upon 
annealing are caused by hydrogen, due to a water decomposition process 
[98].  
However, for interface bubbles to form, the presence of hydrogen alone was 
found insufficient; hydrocarbons as nucleation centres are also necessary. 
Taking this into account, methods can be derived to prevent the formation of 
interface bubbles. One step towards the prevention of interface bubbles would 
be the removal of any thermally unstable organic contamination prior to 
bonding. Mitani [58] presented a thermodynamic model of the formation of 
unbonded areas or bubbles generated at the interface of bonded silicon 
wafers in the temperature range of 200-800oC. This model assumed that the 
desorption of hydrocarbon contamination at the silicon wafer surfaces leads to 
small hydrocarbon molecules which are mobile at the bonding interface. When 
the vapour pressure generated by these molecules overcomes the interface 
bonding strength, interface bubbles are nucleated. These bubbles grow by 
incorporating further hydrocarbon and also possible hydrogen molecules. 
3.2.1.5 Cleaning Solutions and Wettability 
To achieve bonding, the surface chemistry of the materials must be correctly 
established. Different solutions, with various sequences and ordering, might 
be used in the same cleaning process to achieve the best surface roughness. 
For instance, Min et al. [104] showed that cleaning with strong acids might 
leave residue on glass or wafer surfaces, whereas a strong alkaline solution 
attacks the surface. He used two chemical solutions: sulphuric-peroxide 
mixture (SPM) of H2SO4:H2O2 = 4:1, at 120°C, and (RCA) NH4OH:H2O2:H2O = 
1:1:5, at 80°C, for cleaning Pyrex glass and silicon wafers, and the results 
showed that the roughness of glass wafers, measured by atomic force 
microscopy (AFM), were reduced by using the two solutions in the right order, 
i.e. cleaning increased the roughness after SPM or RCA individually, or with 
SPM after RCA, while the roughness remained the same in the case of RCA 
after SPM.  
Contact angle measurements provide a good measure of wettability and 
indicate the substrate surface energy and cleanliness when pure fluids and 
smooth surfaces are used. Usually water is used as the main solution for 
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wetting the surfaces. The smaller the contact angle, the more the liquid wets 
or spreads on the surface. Since water has a high surface tension (72.8mN.m-
1), it does not spontaneously spread over solids that have a surface free 
energy of less than this value [110]. 
Takeda et al. [111] investigated the relationship between the wettability and 
the surface OH group density of various commercial glasses. They used a 
soda lime glass, vitreous glass and three different types of boroaluminosilicate 
glasses. The surface OH group density was evaluated by x-ray photoelectron 
spectroscopy measurements with a chemical labelling technique. It was found 
that the wettability, i.e. contact angle, is mostly affected by surface roughness 
as well as surface contamination; however, they found no correlation between 
average roughness and hydrophilicity among the glasses. This meant that the 
difference in contact angles was due more to the cleanliness of the glass 
surface, rather than the surface roughness. Takeda found that the 
hydrophilicity, resulting from the adsorption of organic substances in the 
atmosphere, depends on the chemical composition of the glass itself. He 
indicated that the surface OH group density is a major factor governing the 
wettability of the glass surface. On the other hand, Haisma et al. [85, 87] 
studied the effect of pH on bonding. They reported an increase in bonding 
speed, between two intimate surfaces, from the first contact point in the 
middle of the surfaces toward their circumferences, with increasing pH of the 
solutions used for surface treatments prior to bonding.  
Some investigators have shown that cleaning silicon with highly oxidising 
solutions that are based on hydrogen peroxide (H2O2), sulphuric acid (H2SO4) 
[104], concentrated nitric acid (HNO3) [112], and hydrofluoric acid (HF) [108, 
113], lead to a very thin and smooth native oxide layer, 1-2nm thick, useful for 
wafer bonding.  
3.2.2 Surface Planarity and Roughness 
In parallel with the contaminant effects, the surface planarity, i.e. total 
thickness variation (TTV) which is defined as the deviation of the front wafer 
surface from a specified reference plane, can also have an effect on 
debonding [83, 84, 103]. Two sufficiently smooth wafers might bond at room 
temperature despite a flatness variation of a few micrometres, as this variation 
 54 
can be removed by application of light pressure. However, if the flatness 
variations are too large, unbonded areas result [114]. 
The most popular technique to detect areas where intimate contact is lacking, 
is based on the interference of light reflected at internal surfaces, which 
mostly appear as rings (Newton’s Rings) that describe the shape of the 
delamination [83, 84, 87, 114]. The bright and dark rings of equal optical 
thickness permit the determination of how far the surfaces are separated from 
each other. Rucking phenomena can occur with very thin substrates, where 
there are a few contaminants built into the glass, and when bonding is initiated 
in several places at once. Preventing rucking is possible by using a single 
central contact as start point, which is then spread out to complete the 
bonding, however, this leads to slower processing. 
Gösele et al. [83, 84] have theoretically investigated the conditions under 
which a gap which separates two wafers will prevent bonding. As defined in 
Figure 3-5, if the gaps are caused by flatness non-uniformities with the lateral 
extension (R) much larger than the gap height (h), the condition for closing of 
the gap depends on the ratio of R to the wafer thickness (tw). For R > 2tw, the 
gap will close if : 
  Equation 3-5 
 
with E\ = E/(1-ν2), E being Young's modulus, ν is Poisson's ratio and γ is the 
surface energy. In cases where R < 2tw, the condition for gap closing is 
independent of the wafer thickness and is given by: 
  Equation 3-6 
 
 
Figure 3-5 Schematic drawing of a gap caused by flatness non-uniformities (a) R> 2tw; 
(b) R< 2tw [98].  
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3.3 Bonding Techniques  
Bonding technology can consist of many techniques: with [51, 97, 112, 115, 
116] and without [87, 113, 117] using an intermediate layer. These techniques 
are used for different applications, such as space, marine and electronics, 
with similar and dissimilar materials, i.e. metal to metal, metal to polymers or 
ceramics, silicon to silicon, silicon to glass, and glass-to-glass [83, 84]. In 
general, investigations have confirmed that successful bonding must cover not 
less than 90% of the whole surface [117, 118]. 
Bonding is an essential aspect in electronics packaging for conventional or 
advanced techniques, including PCB lamination and bonding of silicon wafers.  
Initially, to obtain high quality interfaces it is important to remove all 
contaminant sources before bonding. Therefore, in all bonding techniques, 
providing a clean and contaminant free environment and surfaces is desirable, 
such as working in clean rooms and using appropriate cleaning solutions [104, 
113]. Nevertheless, the level of this cleanliness varies between bonding 
techniques and is dependent on the bonding mechanism. Usually bonding at 
high temperatures needs lower levels of cleanliness, as heating might be able 
to dissolve or evaporate the contaminants. Similarly, the cleaning process 
may not be essential (or less important) when bonding with adhesive or other 
added materials. However, bonding at low temperatures usually needs almost 
contaminant free surfaces, because the presence of minute species between 
the wafers can cause unbonded areas. For electronic applications, such 
contaminants may be harmful since they can also affect the electronic 
properties of the materials. To strengthen the bond, investigators are always 
suggesting compromises between the required parameters, such as the type 
of cleaning solutions, annealing temperatures, time and applied pressure. In 
the following sections some of these techniques are explained.  
3.3.1 Bonding Without Intermediate Layers 
3.3.1.1 Direct (Fusion) Bonding 
As the name suggests, direct bonding involves placing materials in contact 
enabling bonds to be formed. Any two flat, highly polished, clean surfaces will 
stick together if they are brought into contact [83-85, 105].  
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Silicon and glass surfaces may be modified in many ways so that the actual 
bonding may be caused by weak Van der Waals interaction, hydrogen 
bonding or even by strong covalent bonds. If the bonding is carried out under 
ultra-high vacuum, covalent bonds may be formed at room temperature [83-
85]. However, in general, the adhesion is relatively weak at room temperature 
when carried out in air and is typically increased by annealing the joint. At 
elevated temperatures, chemical reactions take place between the surface 
species of opposing wafer sides which usually yield covalent bonds. Typically 
temperatures around 1100oC have been suggested as necessary for this step, 
however in recent years, a variety of procedures have been developed which 
yield strong adhesion at moderate, e.g. 200-300oC,  temperatures [83].  
To obtain successful bonds, the attractive forces (hydrogen bonding/Van der 
Waals forces), across the bonded area must neutralise repulsive forces such 
as the strain energy of wafer bow/warp, or the induced strain in wafers as the 
surfaces are brought into intimate contact. After surface preparation, the initial 
bonding is normally done at room temperature with the application of a slight 
force. Bonds can self-propagate from an initial contact point, using a special 
pin to ensure that when the bond forms it does so starting at the centre and 
works towards the wafer edges. This ensures no rucking or trapped air at the 
interface, reducing voids. After initial bonding, the wafers are heated to high 
temperature to enable fusion of the two surfaces and leads to better quality, 
higher yield bonds [58, 83, 84].  
Direct bonding is mostly used for wafer bonding, chip-laminate-chip (CLC) 
technology, and 3 D wafers [92, 98], which is carried out by preparation of two 
mirror-polished semiconductors without adding intermediate materials. The 
size of each wafer and chip are required to be the same to achieve alignment 
of multiple levels.  
Besides silicon, other materials have also been used for wafer bonding, such 
as glass. For example, in silicon on insulator (SoI), bonding is carried out by 
direct bonding - by creating a hydrophilic or hydrophobic surface and then 
heating to the required temperatures. In this technology, a silicon wafer after 
oxidation to get an oxide film is implanted with hydrogen and then bonded on 
an insulator, as shown in Figure 3-6. After bonding, the silicon wafer is 
exposed to a thinning process to achieve the required thickness. SoI wafers 
 57 
offer many advantages over conventional silicon wafers, for example, the 
required operation voltage is lower in ICs on SoI than on a bulk silicon wafer, 
which decreases power consumption and heat generation. SoI technology 
has been used in the last ten years for bonding silicon wafers with other 
insulator materials such as glass or III-V materials. 
 
 
Figure 3-6 Silicon on insulator application (1 and 2 indicate the Si wafer and insulator 
wafer respectively). 
 
The direct bonding method has some drawbacks, including high levels of 
surface cleanliness and a surface roughness requirement of only a few 
Angstroms compared with a few 10’s of nanometres for anodic bonding [83, 
84, 105]. In addition, the high temperature can lead to distortion of the wafers. 
3.3.1.2 Anodic or Field Assisted Bonding 
This is a method to bond metals or semiconductors to non-metals such as 
glass and ceramic, through the thermal diffusion of a solid phase under an 
applied electrostatic field. It has become an increasingly important technique 
in the fabrication of micro-electro mechanical systems (MEMS), especially in 
the field of silicon micro-engineering. This technique was patented by 
Pomerantz in 1968 [89] and first described in a scientific publication by Wallis 
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and Pomerantz in 1969. The anodic bonding of silicon to Pyrex and Pyrex-like 
glasses were examined in the early 1970s. Anodic bonding depends on 
charge migration to achieve good adhesion, preferably used for silicon and 
glass wafers. Pyrex borosilicate glass is a typical material that contains 
sodium oxide Na2O. For joining silicon to Pyrex, the materials are typically 
heated up to a temperature in the range 300–500oC, i.e. still below Tg and 
preferably also below the glass strain point. Once the materials are at the 
bonding temperature, a voltage typically between 100 and 1500V is applied 
over the stack of the two materials, with the silicon at the anode side and the 
Pyrex at the cathode side [89, 91, 93, 115]. Figure 3-7 shows a technique to 
bond silicon to glass.  
 
 
Figure 3-7 Silicon on insulator technique using anodic bonding method. 
 
The presence of mobile metal ions allows application of a large negative 
voltage to the glass, attracting and neutralizing the positive ions (Na+) in the 
glass. This results in a space charge at the glass-silicon interface, that may 
extend to a depth of 2-20nm, producing a strong electrostatic attraction 
between the silicon and glass wafers, fixing them firmly in place. The mobility 
of these positive ions is further enhanced by performing anodic bonding at 
temperatures up to 500oC. Driven by the electric field, oxygen from the glass 
is transported to the glass-silicon interface where it combines with silicon to 
form SiO2, creating the permanent bond field [89, 93]. The anodic bonding 
process can also be explained by the formation of Si-O-Si bonds originating 
either from silicon oxidation at the interface or by thermal dehydration of the 
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silicon-glass interface. Experiments have shown that the success of the 
bonding process depends on the availability of oxygen at the Si-glass 
interface. Hence, silicon oxidation helps in anodic bonding.  
Although anodic bonding usually is classified as a type of direct bonding, 
sometimes, and for some reasons, interlayers are used. The most significant 
application of this principle is the bonding of similar materials, especially 
silicon–silicon and glass–glass. This increases the possible applications of 
anodic bonding dramatically, for instance through the formation of three 
dimensional (3D) structures [89, 91, 120].  
Tensile strengths of Silicon–Pyrex bonds are reported to be 10–15MPa for 
good bonds. Anodic bonds between other materials such as Kovar and 
Corning 7056 glass have similar tensile strengths. In general, failure of silicon-
Pyrex anodic bonds is not along the bonded interface [89].  
The advantages of this method are relatively low temperature, typically shorter 
cycle times, and precise contact forces are not needed [89]. In addition, it can 
tolerate rougher surfaces and does not require an ultraclean environment. 
However, its main disadvantage is the need to join silicon to a material which 
is sufficiently electrically conductive at the temperature used for joining. This 
makes anodic bonding a process incompatible with some microelectronic 
device production, for which direct wafer bonding is instead the preferred 
joining technology [89, 91]. 
3.3.1.3 Pressure Assisted Low Temperature Bonding (PALTB) 
PALTB is a form of direct bonding. An essential feature behind the direct 
bonding method is the attraction forces between two polished surfaces, 
although this feature is enhanced by heating and applying pressure. New 
investigations continue to attempt to reduce these two parameters by 
alternative methods that cause less damage and are less costly. 
Recommended procedures include activation of the material surfaces by 
chemicals, such as cleaning processes [95, 100, 104, 111], physical or 
plasma processing [121-123].  
The PALTB technique is one of these recommended methods. This technique 
has been used by only several researchers [95, 113, 124, 125]. Essentially, 
as no additional adhesive materials are used, achieving good bonds requires 
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alternative methods to encourage bonding across the interface, such as 
applying pressure or increasing the surface hydrophilicity of the surfaces. As 
is clear from the name, PALTB is a method that uses a relatively low 
pressure, e.g. less than 10MPa, as an alternative factor to using high 
temperatures as in fusion bonding, or applying high voltage in anodic bonding. 
At the same time, achieving a clean and hydrophilic surface is necessary. The 
main difference between PALTB and direct bonding is the application of 
pressure.  
Figure 3-8 is a schematic diagram of this technique. The sheets are subjected 
to heating while under external pressure. The pressure can be applied in 
different ways such as using a compression testing machine, clamps or 
weights. In general, the bonds are exposed to an applied pressure, for a 
period of time at temperatures around 300-500oC, which enhances the 
siloxane Si-O-Si bonds and prevent the backward reaction that leads to the 
dissociation of the Si-O-Si bonds  [83, 84, 87, 98]. The range of pressures 
used by other investigators, range from less than 1MPa [98, 126-128] up to 
50MPa [113]. 
 
 
Figure 3-8 A schematic diagram shows the principle of PALTB. 
 
Since there is neither adhesive nor an applied external electrical or magnetic 
field accompanying the PALTB process, and since the main requirement in 
this technique is bonding at relatively low temperatures, this technique relies 
on the cleaning process to provide hydrophilic surfaces with OH groups [87, 
111]. For example, Nakanishi [96] and Jia [108] used HF to pre-treat the glass 
before bonding. They suggest that the SiOH groups formed on the two 
surfaces of the glass come into close contact. Such groups provide attractive 
forces and can create Van der Waals or hydrogen bonds. With increasing 
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temperature, gradually de-hydrate, these forming siloxane bonds, as shown 
earlier in Figure 3-3.  
Hydrophilic cleaned wafers will start to generate bonds between surfaces in 
intimate contact due to the presence of OH groups, and the strength of these 
bonds will increase with time at room temperature [98, 110]. These initial 
bonds are relatively weak, but are useful, as at this bonding stage the wafers 
can still be readily aligned. Researchers [51] have estimated this time as one 
month at room temperature, i.e. the strength increased until one month; 
therefore they do not recommend keeping the samples after cleaning longer 
than that period.  
Low temperature bonding in this context refers to processes below 500oC, 
which should be below the glass transition temperature and strain point, see 
Figure 2-4 [46, 98]. There is a relatively wide range of temperatures, i.e. 200-
600oC, that have been used by other investigators with applied pressure [113] 
and cleaning solutions [104, 112, 113, 124, 129] as these two factors can be 
used together to reduce the required temperature to obtain the same bond 
strength.  
However for specific circumstances and temperatures, delamination, may 
occur, as bubbles are generated when the bonds pass through a particular 
temperature. Plobl [98] stated that heating at specific ranges of temperature, 
e.g. 400-700oC causes decomposition of water molecules, which leads to 
initiation of hydrogen bubbles, and delamination. Min et al. [104] studied the 
effect of temperature and time on the bonding of clean Si and glass wafers, 
using chemical solutions to prepare the surfaces. The study showed that 
bonding strength increased as the annealing temperatures increased to 
400°C, but debonding occurred at 450°C. They attributed increased bonding 
strength with temperature to the fact that moisture at the bonding interface is 
baked out and hydrogen bonding is converted into covalent bonding. They 
explained the debonding at 450oC as due to the difference of CTE between 
the glass and Si, 3.25x10-6/K and 2.8 x10-6/K respectively, which caused 
stress at the bonding interface upon cooling. On the other hand, when wafers 
were bonded at 300 or 400°C, bonding strength increased with heating time 
up to 28 hours. However, after annealing for 50 hours the strength decreased. 
They attributed the increase in bonding strength with annealing time to 
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increasing the degree of covalent bonds, and the decrease of strength after 
28 hours to the ion drift, through the glass/silicon interface, during further 
annealing. 
Regarding the effect of applied pressure during bonding on the bond strength, 
the range of pressures used by other investigators, were from less than 1MPa 
[98, 126-128] up to 50MPa [113]. Sayah [113] introduced glass substrates 
cleaned in an organic solvent to remove particles, dust and organic 
contamination. Then, a sulphuric acid peroxide mixture (H2SO4:H2O2 = 5:1) 
was used to increase the hydrophilicity of the glass substrates. This step was 
carried out at room temperature for 20 minutes. They used a high pressure of 
up to 50MPa at 100–200oC temperature range. Using this method, they 
obtained a bonding strength equal to 16MPa, as much as 10MPa higher than 
the best values obtained by Nakanishi, as cited by Sayah, when using HF-
assisted or plasma-assisted bonding.  
3.3.2 Bonding With Intermediate Layers 
3.3.2.1 Eutectic Bonding 
The eutectic composition of an alloy is the composition that has minimum 
melting point. Eutectic bonding can be performed with a wide range of alloys 
and also can be applied to wafer bonding. The standard methodology for this 
technique is to have one substrate (wafer 1) coated with a thin film of eutectic 
alloy composition and the other substrate (wafer 2) to be bonded, coated with 
a thin film of one of the two constituents of the eutectic material. The wafers 
are brought into contact at a temperature just below the eutectic temperature, 
and a pressure of approximately 1MPa is applied. The wafers are then heated 
to above the eutectic temperature and the eutectic composition on wafer 1 will 
melt and material from the coating on wafer 2 will begin to dissolve into the 
melt. The advantages of this method are that it is performed at relatively low 
temperatures and high strength and good hermeticity results due to the 
creation of metallic bonds. The drawbacks are the exact compositional control 
required and the need to coat the wafers to begin with.  
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3.3.2.2 Polymer Adhesive Bonding 
There are a wide range of materials that can be used as an intermediate layer 
for bonding, such as epoxies, waxes, fluoropolymers [130-132]. The process 
starts with treating the wafer surfaces with an adhesion promoter, which can 
enhance the adhesion between the wafer surfaces and the polymer adhesive. 
The adhesive is then applied for which a commonly used application method 
is spin coating. Both surfaces are then forced into intimate contact over the 
entire wafer. Re-melting, curing and hardening temperatures depend on the 
chemical composition of the adhesive. In general, using an intermediate layer 
gives good bond strength and uses low temperature. However, the third 
material between the layers might block channels, vias, and other features on 
the wafers. 
For packaging structures that include interfaces with organic polymers, the 
greatest challenge is usually to obtain adhesion that will survive humidity 
stressing, since water molecules can easily adsorb at a polymer interface and 
degrade the adhesion. All organic polymers are to some degree permeable to 
water vapour and, if after absorbing moisture, the organic package is 
subsequently subjected to high temperatures, such as those experienced in 
solder reflow operations, vaporisation of water can cause a serious loss of 
adhesion, sometimes called “pop corning”, resulting in delamination and 
package failure [24]. The popcorn phenomenon was first identified with 
moulded plastic wire-bond packages, but it has been recognised recently to 
occur more generally at plastic interfaces, e.g. between underfill and chip 
passivation in flip-chip packages. 
3.3.2.3 Glass Frit Bonding 
Low melting point glasses have been used in industry for many decades for 
forming hermetic seals. The process is typically carried out in the temperature 
range 400-650oC at contact pressures of 0.1MPa. The thermal expansion 
coefficient of the glass is normally chosen to be between the two values for 
the wafers being bonded and a wide range of sealing glasses are 
commercially available. This process involves the deposition of a layer of 
material that contains glass frit on one surface to be bonded. The frit can be 
spun-on, screen printed or applied as a pre-form tape. The process typically 
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involves controlled ramp heating and dwells at set temperatures to drive off 
the supporting material. Wide ranges of glass frit compositions are available 
with different reflow temperatures and thermal expansion coefficients. The 
advantages of this method are that frit bonding can produce good vacuum 
seals. In comparison with anodic bonding, the glass frit process relies on 
glass flow to form a seal and hence suffers poorer dimensional control for 
micro-machined cavities [133-135].  
3.3.2.4 Water Glass Bonding 
Water glass is a colourless, jellylike substance that dissolves readily in water. 
It is used in different applications such as adhesive, passive fire protection, 
textiles, cements and manufacture of soap and silica gel. In terms of adhesion 
application, sodium silicate is used, along with magnesium silicate, in fitting 
paste. When dissolved in water, both sodium silicate, and magnesium silicate 
form a thick paste that is easy to apply. Heating the water glass drives out all 
of the excess water from the paste. Therefore, the silicate compounds that are 
left over have glass-like properties, making a somewhat permanent, brittle 
repair [46, 51-53]. 
Water glass as a binder is used in different applications. Sodium silicate is 
unique in that it can undergo three very distinct chemical reactions. These 
reactions have been defined as [54]: 
• Hydration / dehydration: As water is removed from liquid silicate, the 
silicate progressively becomes tackier and more viscous, and removing 
a relatively small amount of water will provide the liquid silicate with a 
glassy film.  
• Gelation / polymerization: These reactions occur when the pH of the 
liquid silicate drops below 10.7, as the silicate species begin 
crosslinking to form polymers. Compared to the dehydration process, 
the advantage of this method is achieving bonds with higher water 
resistance, but its main drawback is that it is not as strong as the bond 
formed by dehydration.  
• Precipitation reaction: Sometimes metal ions such as Ca2+, Mg2+, 
Zn2+, Cu2+, Fe3+ are included in silicates. However, soluble silicates 
react instantaneously with these cations to form the corresponding 
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insoluble metal silicate. If the material being agglomerated contains a 
significantly high amount of positive cations on its surface then the 
silicate can act as a chemical binder.  
 
The most important property of sodium silicate is the weight ratio of SiO2: 
Na2O. Silicates are commercially produced in the ratio range of 1.5 to 3.2. 
Liquid silicates with a high 3.2 ratio are best suited for acting as a film binder. 
The lower alkali content of a 3.2 ratio silicate has less affinity for water and 
can therefore dry quicker [54]. The ratio represents an average of various 
molecular weight silicate species. Alkali ions, such as sodium, which is a 
major constituent of water glass, may facilitate the condensation reaction of 
silanol groups [45, 46, 55]. Therefore, the overall condensation rate of silanol 
groups increases [51-53]. Since changing the glass properties by adding 
different modifiers has become possible to prepare various types of materials, 
consequently the range of application of this technology can be expanded.  
Recently, bonding by intermediate materials has started to feature in 
electronics packaging to make 3D structures that include electrical patterns 
such as copper tracks, vias, channels, or passive components that are etched 
into silicon wafers. The bonding takes place by adding a thin layer of water 
glass. The main applications of this bonding are seen in silicon wafer bonding 
[53, 136], micro-electromechanical systems (MEMS), microfluidic, and micro-
total analysis system (µTAS) [52]. Figure 3-9 shows a common application of 
this bonding. However, in cases such as the semiconductor manufacturing 
process where metal contamination should strictly be avoided, types of water 
glass such as aluminium-phosphate and ammonia-silicate solution can be 
used, which do not contain any metal having a great ionization tendency [51]. 
The main advantage of this technique is planarising the surfaces under 
investigation, leading to reduced microscopic roughness, i.e. the wafers need 
not have polished mirror surfaces, as they would for the direct bonding 
method. However, the disadvantage of this technique refers to the high 
permeation of water glass to moisture [3, 46], that consequently penetrates 
into the electronic device, and therefore electrochemical migration (ECM) 
might occur between copper tracks [137], solder materials [10] and silver 
[138].  
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Figure 3-9 Schematic illustration of using water glass for bonding in electronic 
devices. 
 
A few investigators, Puers [53], Ito [52] and Satoh [51] used sodium silicate 
solution for bonding in electronic applications. Puers [53] bonded silicon 
wafers covered with dry and wet thermal oxides. The bonding procedure 
consisted of boiling in nitric acid for 10min to achieve a hydrophilic surface, 
spin coating of the diluted silicate solution onto one of the two wafers at 
3000rpm for 30sec, contact of the two wafers immediately after spinning in 
order to prevent contamination and then heating at temperatures between 150 
and 250oC, for 1 hr, in air, on a hot plate. Puers showed that at 150oC no 
bubbles appeared in the regions which were initially in contact. As the 
temperature increased beyond 200oC, bubbles appeared and started to grow. 
Puers attributed these results to the rate at which the water is lost as a 
function of temperature, as at 150oC the rate of dehydroxylation is lower, 
allowing the water to diffuse away from the interface, however, at higher 
temperatures, the oxide layers are not able to absorb all the water and 
bubbles appear. He also showed that the bonding performed at 250oC did not 
withstand dicing, whereas the samples bonded at 150oC could not be 
separated even when they tried to insert a blade between the two wafers. The 
tensile strength of these samples was as high as 20MPa, while anodic 
bonding between silicon and glass gave 1-4MPa. 
Ito [52] used water glass for bonding Pyrex wafers, as they can be used for 
micro-total analysis system (µTAS) applications. The wafers were treated for 
hydrophilicity using the solution: NH4OH:H2O2:H2O (1:2:7), at 25oC for 5min. 
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The water glass compositions used by Ito were SiO2:35-38 wt%, Na2O:17-19 
wt%, diluted with 10% DI water and were deposited onto one wafer surface 
using spin coating at 2000rpm for 20sec. Then the wafers were piled up, 
aligned and temporarily held in position at room temperature, and then a 
vacuum clamper was used to eliminate the voids, and then heated to 80oC. Ito 
showed there was no temperature dependence on the bond strength, but 
there was a pressure dependence, as he suggested that an applied pressure 
was needed to obtain higher bond strength. He showed that applying 
pressure at more than 0.4MPa makes the bonding layer thinner and 
subsequently the wafer surface wetting would be easier: therefore, the 
bonding technique was successful to bond wafers without considering the 
problem of surface roughness up to 200nm.  
Satoh [51] developed a water glass technique as a low temperature, low 
external load bonding technology. He used SiO2:36wt%; Na2O:18wt% and 
diluted it to prepare a 0.1wt% solution, and deposited this onto one wafer 
surface using spin coating at 7000rpm for 30sec. The silicon wafers were 
cleaned by ammonia-hydrogen peroxide solution NH4OH:H2O:H2O2 1:2:7 at 
85oC, by dipping for 10min. The wafers were piled up, aligned and temporarily 
held in position at room temperature. This was considered as the first step of 
bonding. Satoh measured the interfacial energy of this stage (stage one) of 
bonding using the crack opening test. The highest interfacial energy found 
was 1.2J/m2. For the second step, thermal bonding was carried out to 
facilitate a reaction. Satoh showed that the minimum temperature and time to 
get sufficient bonding were determined as 80oC and 30 minutes respectively 
and the adhesive strength did not increase even when the annealing 
temperature and time exceeded those values. He found that the maximum 
adhesive strength, using a peeling method, for the wafers bonded with 5-
15nm thickness of the water glass was 20MPa, while this strength was 
decreased to 5MPa when the used water glass thickness increased to 25nm. 
Furthermore, Satoh reported that it is not reasonable to attribute the water 
glass bonding to Van der Waals forces, which may work between atoms and 
molecules in the surface adsorption layer: he supposed that only hydrogen 
bonding, that has 2 or 3 times the bonding strength of Van der Waals forces, 
can provide this strength. Moreover, he showed that the dehydration in the 
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condensation polymerisation process becomes more rapid with the increase 
in the annealing temperature, and with the passage of annealing time, the 
size of the voids becomes larger and larger, and at the same time, the number 
of voids increases, leading to the deterioration in adhesive strength.  
3.3.3 Advantages and Disadvantages of Bonding Methods  
As a result of the advantages that bonding technology has offered, it has 
emerged as a key manufacturing process in a range of applications. 
Therefore, parameters for each type of bonding are under continuous change, 
for instance, fusion bonding temperatures have fluctuated between 600 and 
1100oC, while for anodic bonding it is 400oC with an applied voltage from 500 
to 1000V [83, 84]. In terms of the bonding mechanisms that require applied 
pressure, it has ranged from 50 to 0.1MPa. The same pattern can be seen 
with bonding time, as the time periods have been shortened from days to 
hours, or even minutes. Consequently, with the changing bonding parameters 
the bond strengths also have been changed from 1MPa to 20MPa. 
All the bonding methods mentioned above can be summarised as shown in 
Table 3-1. It is clear that there is no ideal and perfect bonding method for 
glass-glass, as each has its own characteristic disadvantages for specific 
applications. For instance, fusion bonding has excellent bond strength [87], 
however, the dimensional stability is a problem due to the use of high 
temperature. On the other hand, bonding with adhesive materials, e.g. 
polymers, water glass, needs lower temperature than fusion bonding, but the 
use of a different material between the bonded sheets is not desirable in 
many applications, especially if their CTE values are not matched with the 
substrate materials [116, 139]. Meanwhile, it is not easy to control the 
thickness of the intermediate materials. 
 
 
 
Table 3-1 Comparison between the different bonding methods. 
 
Process Essential 
requirements 
Advantages Disadvantages 
Bonding Direct Cleaning, Very good Needs high 
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Direct Temperature bond temperature, very 
smooth surface 
Anodic Voltage, 
Temperature 
Planarity 
allowance 
Sufficient for 
conductive 
materials 
without 
intermediate 
layer 
PALTB Cleaning, 
Pressure, 
Temperature  
Needs low 
temperature 
Needs very 
smooth surface, 
long time 
Eutectic  Eutectic 
compound 
Low 
temperature, 
good 
strength 
Accurate 
chemical  
composition 
required 
Polymer 
adhesive  
Adhesive Low 
temperature, 
good 
strength 
Water absorption 
Glass frit Low melting 
glass 
Low 
temperature 
Poor dimensional 
control 
Bonding with 
intermediate 
layer 
Water 
glass 
Sodium 
Silicate 
Low 
temperature 
Brittle, water 
absorption 
 
Adhesive bonding methods are more appropriate for bonding the substrates in 
applications that include intrinsic (vias and patterns) and extrinsic (tracks) 
features. However, bonding without intermediate methods are possible for the 
plain substrates, such as SIO, or for those that include intrinsic features, such 
as MEMS, especially for the methods that do not need applying high 
pressures, such as direct bonding. 
Based on this review, two different bonding methods, PALTB and water glass 
bonding, were selected for investigation of the bonding of CMZ glass.  
The first method was PALTB, as no intermediate materials are used. The 
motivation behind using this method was:  
• glass has the ability to achieve hydrophilic surfaces, i.e. creation of OH 
groups, through exposure to chemical solutions, as these groups 
enhance the bonds, consequently bonding at relatively low 
temperature, (i.e. 300oC) is possible, compared to direct bonding 
method which requires higher than 1000oC. Lowering the bonding 
temperature reduces the distortions and residual stresses between the 
bonds.  
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• PALTB only needs the application of relatively small pressures to 
eliminate the gaps and bubbles between the sheets. Because glass is 
a brittle material, applying high pressures might lead to cracking.  
The second method chosen was water glass, which acts as an intermediate 
layer between the glass sheets. The reasons for using this type of bonding 
were: 
• the ability to dehydrate the sodium silicate at relatively low temperature, 
i.e. 200oC, so it can work as a binder between the sheets. 
• the substrate material (CMZ glass) and the binder material (sodium 
silicate) have the same base, i.e. SiO2, consequently with a similar 
coefficient of thermal expansion, therefore the expected thermal 
stresses between the  bonds would be minimised. 
 
3.4 Summary 
There are important aspects that have a direct impact on the strength and 
quality of the bonded sheets of materials, such as the cleaning processes to 
achieve hydrophilic and hydrophobic groups on the surfaces. Creation of such 
groups has consequent effects on the mechanisms and range of temperatures 
necessary for bonding. There are many methods for bonding glass-to-glass, 
each with their own advantages and disadvantages and following a review of 
these techniques, PALTB and water glass were selected for further study and 
are discussed in more detail in the following chapters.  
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CHAPTER FOUR 
 
4 MATERIALS, METHODOLOGY AND BOND 
EVALUATION METHODS 
This chapter presents the methodology followed in this research. The two 
techniques for glass/glass bonding investigated will be discussed in detail in 
chapters 5 and 6. However, for both techniques, methods to characterise the 
bonding approaches were required and a number of techniques were 
reviewed and relevant methods selected. This chapter explains two main 
parts: the first focuses on the materials and the methodology that were used 
in this study and the tests to estimate the quality and bonding strength of the 
laminated glass sheets. Secondly the theoretical basis behind the tests that 
were used in this study are presented. In addition, an overview of the surface 
analysis tools, such as scanning electron microscope (SEM) and focused ion 
beams (FIB) is given. 
 
4.1 Materials 
In this study, a commercial grade of borosilicate glass supplied by Qioptiq, 
type CMZ, of 100µm thickness was used to explore the application of glass 
materials for lamination and their use as substrates. The modulus of elasticity 
of CMZ glass is 70GPa [49]. The samples were supplied cut to size and after 
edge polishing, by Qioptiq. The edge polishing was a key step as this 
removed any surface damage caused by the scribing and breaking process. 
Decon 90 (mildly alkaline cleaning solution) was used as the main solution for 
cleaning purposes. A wide range of sample dimensions were used; different 
lengths 30, 40, 50, 60mm, with different widths 10 and 20mm, to cover all the 
requirements of bonding, and/or debonding estimation tests [44] and also to 
be compatible with the requirements of other parts of the project such as laser 
microvia machining [32] and electroless copper plating [34, 43]. 
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4.2 Research Methodology 
PALTB is a form of direct glass-to-glass bonding, while water glass bonding 
uses a sodium silicate compound as an intermediate layer. The literature 
review showed that both methods are still in their infancy, since they have 
only been considered and studied by a few researchers. Accordingly, the 
procedures and techniques that were used in this study required several 
iterative stages of investigation, that is, initial tests, followed by analysis of 
results and subsequent process improvements, sometimes leading to new 
approaches. The following sections outline the approaches that were taken to 
investigate the two bonding methods; further details can be found in the 
subsequent chapters.   
4.2.1 Pressure Assisted Low Temperature Bonding PALTB 
In PALTB, as the name suggests, bonding is carried out by heating the glass 
sheets under pressure. However, before that, steps are required to clean the 
surfaces to increase their hydrophilicity after which they may also be dried. An 
overview of the trials that were carried out to complete each step are 
summarised below:  
• Cleaning solutions: The preparation and cleaning of the glass is a 
critical step for successful lamination to ensure surfaces are free of 
debris and have high surface energy. At the beginning of the study, 
both acidic (HNO3) and alkali (KOH) solutions were used. However 
because these aggressive solutions are not desirable due to safety 
considerations, and due to uncertainty regarding the corrosion 
resistance of the other materials that may be present on the glass 
during preparation of complete substrates e.g. copper tracks, other 
cleaning solutions such as Decon 90 were investigated. 
• Drying process: Before assembling the cleaned glass sheets, many 
authors dry them. In this research, despite conducting the cleaning and 
drying processes in a class 10000 clean room, the investigations 
showed that it was very difficult to prevent contaminants on the glass 
surfaces that led to debonded areas. Many different procedures and 
precautions were carried out to overcome and eliminate the 
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contaminants, such as: drying the cleaned sheets inside a desiccator 
for a long time, drying in a vacuum desiccator, drying inside a 
desiccator filled with filtered air, working within a glove box. However, 
the experiments showed that the best way to avoid contaminant 
attraction was to assemble each pair of CMZ glass sheets whilst still in 
the rinsing water. 
• Applying Pressure: In PALTB, applying pressure to the dried sheets at 
relatively high temperatures is the main step for bonding. Again 
different methods to apply the pressure were investigated. These 
included using an oven mounted on a tensile testing machine and 
applying weights to the sheets when inside an oven. The most 
appropriate method used a clamp system that was designed and 
manufactured by the author. However, this also required development 
to ensure that the pressure was applied uniformly.  
• Bonding stages: The investigations showed that the method of applying 
the pressure and temperature to the samples during bonding was very 
important to avoid the possibility of the sheets moving over each other 
and to ensure that any moisture was removed. Many different methods 
and temperature regimes for heating were investigated, ranging from a 
single stage heating process in air, to heating in a vacuum, which led to 
a final two stage procedure: preliminary bonding followed by permanent 
bonding.   
4.2.2 Water Glass Bonding 
Water glass was investigated as an intermediate layer bonding method. 
Because of the use of an intermediate layer, creation of a hydrophilic surface 
and achieving very smooth and clean surfaces was less critical, however the 
glass slides were still cleaned using Decon 90 using the same methods as for 
PALTB. The cleaned glass sheets were left to dry in a clean room for 1-2 
hours and then water glass was placed on one sheet, onto which another was 
placed. The sheets were then heated to complete the bonding process. This 
was a relatively new method and experiments were required to investigate a 
number of parameters:  
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• Dilution rate: Investigation showed that bonding the glass sheets with 
“as-received” water glass, i.e. undiluted, led to opaque regions in the 
final bonded layer when it was heated to over 100oC. Experiments 
were therefore carried out to determine the relationship between the 
water glass dilution rate and the bonding temperature.  
• Amount of water glass used: From the literature it was found that the 
layer thickness of the water glass should be as thin as possible, while 
still ensuring coverage of the glass surface area. The amount of water 
glass to be deposited onto the first glass sheet was controlled to 
identify the most appropriate quantity for a particular dilution level.  
• Bonding stages: Each pair of cleaned and dried glass sheets were 
assembled in a clean room using the specified amount and dilution rate 
of water glass. Methods to dry the samples were then investigated. The 
results showed that drying the water glass by heating in one stage, 
inside a conventional oven, led to samples delaminating due to the 
creation of water vapour between the sheets. As a result, two bonding 
stages were tested. This involved a preliminary bonding stage carried 
out in a vacuum oven followed by a permanent bonding stage achieved 
in a conventional oven, for which the effects of temperature and time 
were studied. 
4.2.3 Test Techniques 
For both bonding methods, to evaluate the bonds formed between the glass 
sheets, three different groups of tests were used: 
• Qualitative tests: die penetrant, visual investigation and microscope 
examination were used to examine the bond quality. These methods 
were used to estimate the bonded to unbonded ratio between the 
sheets. If the ratio was found to be low, there was no reason to carry 
out further quantitative tests on the samples. 
• Quantitative tests: quantitative tests such as cyclic deflection and crack 
opening tests were carried out to analyse the relative bond strengths.  
• Reliability tests: humidity and thermal cycling tests were used to 
estimate the reliability of the bonds. 
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Further details of the theory and experimental procedures used for these test 
methods are given in the following sections. 
 
4.3 Qualitative Tests 
An optical microscope was used to investigate dirt and contaminants before 
and after cleaning, as shown in Figure 4-1. This technique could also be used 
to show unbonded areas and Newton’s Rings that may occur due to the 
presence of contaminants between the bonded sheets, as shown in Figure 4-
2. 
 
 
Figure 4-1 Optical microscope images of CMZ glass sheets before and after cleaning. 
 
 
 
 
Figure 4-2 Newton’s rings caused by particulate contamination between two glass 
sheets bonded by PALTB. 
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A dye penetrant test is a suitable non-destructive method to highlight 
unbonded areas, and it has been used by other investigators for the same 
purpose [140].  
The bonded sheets were exposed to the dye penetrant by covering the whole 
sample, either by spraying the sheets with dye or by immersing the bonded 
sheets inside a beaker filled with the dye. After leaving for 5 minutes, to give a 
sufficient time for the dye penetrant to diffuse between the sheets, the sheets 
were cleaned by a soft tissue to remove excess solution. Through observation 
of the dye regions, the bonded area could be recognised. It should be noted 
that although the dye penetrates capillary features, it will not reach unbonded 
areas if they are surrounded by strong bonded edges. Figure 4-3 shows 
results for samples bonded by PALTB. 
 
 
Figure 4-3 Recognising bonded-unbonded areas using the dye penetration test. First 
line, samples before penetrating; second line are same samples after penetrating. 
 
4.4 Quantitative Tests 
Realising the strength of the bonded wafers is essential to specifying the 
reliability of packages. However, characterisation of this strength is still a 
challenge, since there are many variables that contribute to the formation of 
this bond. In order to estimate the bond strength in this study, besides 
qualitative and reliability tests, two different mechanical tests, namely 
deflection under cyclic stress and crack opening tests [141, 142] were used 
for each sample type. This number of tests provided enough information from 
each test that together they provided the best estimation for a level of strength 
for each bonding method. 
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In the following sections, the theory of these mechanical tests and the reasons 
behind using them are described, followed by a description of the apparatus 
used to carry them out. 
4.4.1 Deflection Test 
The deflection test is a simple mechanical test used to determine the flexibility 
of materials by measuring the amount of deflection, i.e. deviation from its 
original position, due to an applied lateral (flexural) load. This test is often 
referred to as a bending test, as a bending moment is associated with the 
deflection phenomenon.  
Figure 4-4 shows a three-point bending test that is mostly used to determine 
the rigidity (resistance to deflection) of materials. The beam has a length or 
span (L), i.e. the distance between the supports. The figure also shows the 
equations that describe deflection, δ, bending moment, M, shear force, V and 
slope, θ. 
 
 
 
 
Figure 4-4 Three point bending test; shows the relations between shear force, bending 
moment, slope and deflection diagrams.  
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Figure 4-5a shows a schematic diagram for samples subjected to a lateral 
loading. The figure shows that when the beam is subjected to lateral loads it 
bends, (deflects), at the same time two types of stresses occur, which are 
bending, Figure 4-5b, and shearing, Figure 4-5c, stresses. 
Bending stresses are longitudinal stresses, i.e. acting parallel to the 
longitudinal axis of the beam, which may be tensile or compressive and are 
induced by the application of a bending moment according to the following 
equation : 
 Equation 4-1 
 
where σ is the bending stress (Pa), M is the bending moment (N.m), I is the 
moment of Inertia (m4), and y is the distance between the neutral axis (n.a.) 
and the layer under study.  
The moment of inertia for a rectangular section is [65]: 
  Equation 4-2 
 
where b is the width and h is the thickness of the sample.  
 
For the top and bottom layers, y has maximum value and equals half the 
height of the cross section, leading to maximum stress, σmax, while on the n.a., 
y equals zero, giving zero stress. With this kind of loading, the tensile stresses 
occur in the underside of the beam, while compressive stresses occur on the 
top. 
The centre of area of a section is the point about which the area of the section 
is distributed evenly. If the section is inhomogeneous, the centre of area and 
n.a. will occur at different points instead of being coincident. In order to locate 
the position of the n.a. the moments of area of the section are considered 
about convenient axes, by considering that the total moment of area equals 
the sum of the component moments of area about the same axis [65, 143]. 
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Figure 4-5 Bending and shear stress distribution over sections of a simply supported 
beam. 
 
Although Eq. 4-1 showed that the applied load on a simply supported beam 
does not cause bending stresses on the n.a., this load causes a shear force 
(V) at a given section in the loaded beam. Besides the shear stress (τ) which 
acts tangentially to the cross-sectional plane, the load induces shear stress 
parallel to the axis of the beam with the maximum shear stress (τmax) on the 
n.a., as shown in Figure 4-5c. 
Shear stresses are lateral or longitudinal stresses, acting tangentially to the 
plane of reference, and are induced by the application of shear forces. Shear 
stresses can be calculated according to the following equation: 
  Equation 4-3 
 
where A\ y\ is the first moment of an area (Q) under consideration, i.e. the area 
(A\) that slides over the remaining area of the whole cross section, therefore y\ 
is the distance between the centre of the area (A\) to the n.a. of the whole 
cross section. According to Eq. 4-3, the maximum shear stress occurs on the 
n.a. as the cross section is symmetrical.  
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In general, Figure 4-5 showed the bending and shear stress distribution for 
sections that are exposed to combined stresses, i.e. σ and τ. The figure 
showed that the bending stresses at the supports are zero. However, because 
the applied force is equally divided on each half of the beam, shear forces are 
the same over the entire length of the beam. Since shear stresses occur only 
when two layers slide over each other, then the shear stress on the underside 
and topside of the beam is zero. The shear stress increases with depth into 
the cross section, and the maximum shear stress occurs at the n.a. 
Usually in solid materials shear stress is less important than bending stresses, 
because the bending stress is usually much larger and is the main component 
that leads to failure. However, in bonded components, the shear stress is an 
important factor in delamination [144, 145]. Therefore, the main principle 
behind using the deflection test in this study was as a result of the role of 
shear stresses or shear deflection components in bending bonded plates.  
Deflection values in beams are determined from the bending stresses, as 
shear deflection is usually assumed to be negligible and is not considered in 
computing the total deflection of a beam. This is usually a good assumption 
for solid beams. However, according to Timoshenko's confirmation in 1855 
[144, 146] shear stresses do contribute to deflection by a reasonable 
percentage. He postulated that in bonded sheets, shear deflection is likely to 
be as important as bending deflection. Several other investigators have 
indicated that in the case of two-piece laminated beams, due to the 
development of greater shear stresses, in addition to the deflection due to 
pure bending, there is a noticeable percentage of shear deflection. 
Investigations [144-147] showed the magnitude of shear deflection depends 
on the span-to-depth ratio and also on the ratio of the pure modulus of 
elasticity (E) to the modulus of rigidity (G) of the material. Mathematical 
formulas were derived to determine the total deflection (δt) consisting of a 
portion due to pure bending, δb, and a portion due to shear deformation, δs. 
The equation below gives a general description of the above approach [144]:  
   Equation 4-4 
 
where:  
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P: load within the elastic range (N) 
L: span of the beam (m) 
I: moment of inertia (m4) 
b: width of the beam (m) 
h: depth of the beam (m) 
 
The assumptions that must be considered to apply the above equation, 
especially for the first term which belongs to the bending deflection 
component, are: the beam must be symmetrical around y-y, the transverse 
plane sections must remain plane and normal to the longitudinal fibres after 
bending, and the relationship between stress and strain (Young's modulus) for 
the beam material must be the same under tension and compression [146]. 
4.4.1.1 Non-linear Deflection Behaviour  
Eq. 4-4 is valid for materials that display linear elastic behaviour. When the 
load-deflection curve is not linear, other mathematical equations should be 
used [144-147]. Nonlinearity between load and deflection can happen due to 
two main reasons, which are geometrical or material. Geometrical nonlinearity 
happens in unsymmetrical geometries such as in the Belleville spring [148], 
columns and components that have inhomogeneous densities which lead to a 
shift in the n.a. from the centroid and rotation under large deflections [149]. 
Sandara [150], Haefner [151] Oliver [152] and Rushton [153] proved that 
geometrical nonlinearity also occurred due to large deflections, with their 
boundary conditions on three-point bending beams. The ratio of the deflection 
under load for the large deflection theory δL and the simple bending theory δt 
is given by [154]: 
  Equation 4-5  
 
The value of k varies between 1 and 1.1.  
Material nonlinearity occurs when a material changes its properties due to, for 
example, allotropic changes, heat, radiation, or when the material is exposed 
to stresses above the yield strength (σy), i.e. from elastic deformation to 
plastic deformation or when a component does not behave the same under 
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tension and compression. Ahmadabadi [155] studied the deflection behaviour 
of wires made from TiNi alloy, under cyclic bending loads using a simply 
supported beam. Five cyclic stresses were applied on the samples at room 
temperature. The maximum applied load was 4N, and maximum deflection 
was 2mm. The results showed that the deflection values were not proportional 
to the applied load, and the deflection decreased with increasing number of 
cycles. The range of the hysteresis observed during cyclic load-unload 
showed energy dissipation.  
Overall it appears that both types of nonlinearities, i.e. material and geometric, 
may exist in one component, and each one needs specific consideration and 
method of calculation. Meanwhile, the above two nonlinearities can be 
observed in bonded components, for example when the thickness of an 
intermediate layer is non-uniform. Moreover, nonlinearity in laminated 
components might happen due to the residual stresses from processing or 
moisture absorption (swelling) [60, 156].  
In addition to all the reasons mentioned above, delamination, slippage and 
cracking between the bonded components can have significant effects leading 
to a nonlinear relationship between the applied load and deflection. 
Delamination is a mode of failure for composite materials, where modes of 
failure are also known as 'failure mechanisms'. In laminated materials, 
repeated cyclic stresses or impact can cause layers to separate into 
component layers, with significant loss of mechanical toughness. Slippage is 
another mode of failure between laminated or bonded components. The 
difference between delamination and slippage is the de-bonding; as in 
delamination the components are separated from each other either in micro, 
or macro or visible scales. While in slippage, the components are still in a 
bonded condition, but the interlayer itself is exposed to shear stresses, which 
causes slipping between the interface layers, but without complete de-
bonding. Cracking in another type of failure, it occurs when a material 
subjected to mechanical or thermal stresses, and then the crack propagates 
with time. In general, the geometry, size and the sharpness of the defects, 
e.g. delamination or cracks, are effective factors on generating the stresses 
around their edges. 
 83 
During loading bonded plates or sheets, the shear deflection component plays 
a significant part in the total deflection. If the shear strength of the bond is not 
strong, delamination, slippage or cracking in particular areas of the interface is 
possible. If this happens, and if this delamination (a sudden drop of load and 
an increase in deflection) does not lead to a complete separation or fracture, 
the bonded area will be reduced and the applied stress becomes higher in the 
remaining bonded areas. Therefore, further deflection occurs at a higher rate, 
consequently showing non-proportionality between the total load and the total 
deflection, for example as shown in Figure 4-6.  
 
 
Figure 4-6 Effect of incremental delamination on load-deflection curve profile. 
 
This phenomenon, i.e. a deflection drop due to delamination, was investigated 
by Godines [157] who used three point bending to analyse delamination of 
Tee joints comprised of polyester/E-glass woven roving and chopped strand 
mat layers bonded to either side of a plate member. The study showed that 
the damage initiated as tensile-driven delamination in the fillets at the junction 
area, where the interlaminate tensile stress was the largest under the bending 
condition. Frequent drops in deflection were observed during these 
delamination increments. The delamination in the fillets reduced their 
contribution to bending resistance, which finally resulted in the fracture of the 
flange at the end of the loading process. Pardini [158] and Kishi [159] 
observed similar phenomena on carbon fibre reinforced composite (CFRC) 
and fibre reinforced polymer sheets respectively.  
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Gdoutos et al. [154, 160] studied the nonlinear load-displacement and normal 
stress distribution, under bending, in composite sandwich beams made of 
unidirectional carbon/epoxy facings and PVC foam cores. These materials 
exhibit nonlinear stress-strain behaviour, which is different in tension and 
compression. The sandwich beam facings used were 8-ply unidirectional 
carbon/epoxy plates of 1mm thickness fabricated separately by autoclave 
moulding. Three core materials were investigated which were aluminium 
honeycomb, PVC closed-cell foam and Divinycell. Gdoutos showed that 
deflection of the beam is the sum of the deflection due to bending of the 
facings and the shear of the core. Under flexural loading the facings carry 
almost all of the bending, while the core takes the shear loading and helps to 
stabilize the facings. 
Gdoutos et al. [154, 160] developed Eq. 4-4 to determine the bending and 
shear deflection components of composite sandwich beams, as below 
  Equation 4-6  
  
where: 
P: applied concentrated load 
L: span length of beam 
E, Gc: Young’s and shear moduli (for facing and core materials) respectively 
hf, hc: thicknesses of facing and core, respectively 
d: distance between centroids of the facings 
b: beam width 
 
Although the above equation is valid for linear behaviour of both core and 
facing materials and for small beam deflections, Gdoutos [154, 160] found that 
the same equation can be used for nonlinear behaviour to determine the 
differential displacements corresponding to a load increment, if the 
mechanical behaviour such as tensile and compressive ultimate strength, 
Young’s modulus of the facing materials, and modulus of rigidity of the core 
material are known. Meanwhile, Gdoutos et al. indicated that Eq. 4-6 does not 
account for the biaxiality of shear and axial stresses on the nonlinearity of the 
stress-strain curve and considered only the uniaxial shear stress-strain curve. 
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He indicated that, in reality, the core materials are subject to a combined 
shear and axial stress state, and therefore the nonlinearity of this biaxial 
stress-strain relation should be considered. It was obtained that the load-
displacement behaviour of the beam, after an initial linear part, was not linear. 
In addition, it was found that for short beam lengths, where the effect of 
material nonlinearity is more pronounced, the axial stresses of the core were 
much smaller than the shear stresses. For longer beam spans where both the 
axial and shear stresses may be comparable, the effect of material 
nonlinearity was small compared with the geometric nonlinearity [149]. 
Furthermore, it was obtained that the neutral axis of sandwich beams under 
bending does not pass through the centroid of the cross section, but is 
displaced toward the tensile side of the beam, for example the n.a. was 
0.5xheight until 220N.m bending moment, while the n.a. became 0.42xheight 
with 1000N.m. 
4.4.2 Cyclic Loads (Fatigue) 
Components of machines, vehicles, electronic components and structures are 
frequently subjected to repeated loads, and the resulting cyclic stresses can 
lead to microscopic physical damage. Even at stresses below a given 
material’s yield strength (σy), this microscopic damage can accumulate with 
continued cycling until it develops into cracks that propagate and lead to 
failure. Mechanical failures due to fatigue have been the subject of 
engineering efforts for more than 150 years. Statistical investigations have 
shown that fatigue is a contributor in 90% of all failures [60]. 
Materials have been found to resist a number of cycles under a defined 
applied stress before failure. With increasing applied stress, the number of 
cycles that cause failure decreases and vice versa. In order to quantify this 
behaviour, a stress vs. number of cycles (S-N) diagram is often plotted for a 
material by recording the number of cycles to failure under an applied stress 
[60, 65]. 
4.4.2.1 Discontinuities as Stress Raisers 
Cracks are generated due to applied stresses, and processes such as 
solidification, heat treatments and other manufacturing methods can lead to 
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defects such as voids, metallic inclusions and carbides that have similar 
actions to cracks on the component life. In addition, delamination areas in 
bonded components are caused by cyclic applied stresses, swelling due to 
moisture absorption, or thermal stresses due to different CTEs between the 
matrix and the intermediate materials. In general, components that are 
exposed to cyclic stresses are sensitive to cracks and delamination areas, 
because they act as stress concentrators, i.e. increasing the stress 
concentration factor (Kt) and this leads to the opening of the crack edges that 
consequently increase in length until failure. The Kt is the ratio of the 
maximum stress (σmax) near the crack or delamination to the nominal stress 
(σnom) far from the defect as: 
   Equation 4-7 
 
The Kt value strongly depends on the shape and dimension of the 
discontinuities. For example, for an elliptical shape, with its major axis 
perpendicular to the direction of a uniform stress (S) as shown in Figure 4-7a, 
the uniform stress is altered in the neighbourhood of the hole. The most 
notable effect of the hole is its influence on the stress in the y direction (σy), 
parallel to S. The value of σy rises sharply near the hole and has maximum 
value at the edge of the hole. This maximum value depends on the 
proportions of the ellipse and tip radius, ρ ; with increasing c/d ratio, σy 
increases [60, 65], according to the following equation: 
  Equation 4-8  
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Figure 4-7 Effect of a crack on the stress distribution: a- Elliptical hole in a wide plate 
under uniform tension, b- stress distribution along the x- axis near the hole for one 
particular case, c/d = 3, c-plastic zone in ductile materials and micro-cracking in brittle 
materials [65]. 
 
Figure 4-7b shows the σx and σy distribution at distance x from the hole edge. 
The amount of stress is reduced when going further from the hole edge. If the 
applied load is not too high, the material can accommodate the presence of 
an initially sharp crack in such a way that the theoretically infinite stress is 
reduced to a finite value. The crack is open near the tip by a finite amount, Δ, 
called the crack tip opening displacement (CTOD). In ductile materials, large 
plastic deformation can occur in the vicinity of the crack tip. The region within 
which the material yields is called the plastic zone. Intense deformation at the 
crack tip results in the sharp tip being blunted to a small radius. In other types 
of material, different behaviours occur that have a similar effect of relieving the 
theoretically infinite stress by modifying the sharp crack tip. In brittle materials 
such as ceramics and glass, a region containing a high density of tiny cracks 
may develop at the crack tip, as shown in Figure 4-7c [65].  
The influence of cracks can be evaluated by comparing notched versus un-
notched S-N data for the same material. A notch sensitivity factor (q) can be 
developed as follows: 
  Equation 4-9 
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Where Kf is the fatigue reduction factor, a ratio between fatigue limit (σe), 
sometimes called fatigue endurance, for un-notched and notched specimens, 
as below:  
   Equation 4-10 
 
If σe of the un-notched material is much higher than for a notched one, Kf 
becomes a large number, and q becomes greater than zero, as q values are 
located between 0 and 1. Relatively high values of (q) indicate a notch-
sensitive material, like glass, while low values imply a material that is less 
sensitive to notches. The relative notch sensitivity increases with increasing 
tensile strength and the severity of the notch root [60, 65]. 
4.4.2.2 Fatigue Life 
The total life of a component is defined as the total number of stress cycles to 
cause failure (Nf). This life can be separated into three stages, consisting of 
the life of crack or debonding initiation (Ni), propagation (Np), and rapid 
fracture (Nr), as below [60, 65]: 
  Equation 4-11 
 
The life estimation of a component under a cyclic stress depends on variables 
such as chemical composition, shape or specimen geometry, applied stress 
(σ) [141, 161], environment and crack length (a) [65, 74, 75, 162]. 
In practical applications, the amount of the applied stress is changeable with 
time. For instance, a certain stress amplitude σ1 is applied for a number of 
cycles n1, where the number of cycles to failure under σ1 is N1. Now if stress 
amplitude σ2 corresponding to N2 cycles to failure is applied for n2 cycles, an 
additional fraction of the life n2/N2 is then obtained. The Palmgren-Miner rule 
states that fatigue failure is expressed when such life fractions sum to unity, if 
100 per cent of the life is exhausted and there are no load interactions [60, 65, 
140]: 
   Equation 4-12 
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This formula is called cumulative fatigue damage (CFD), and is useful for 
predicting the remaining life of a component with a known history. This 
formula is the most widely used where damage is considered to accumulate in 
a linear manner without consideration of any load interaction effects. Erpolat 
et al. [161, 163] and Ashcroft [140, 164] showed that the linear cumulative 
damage rules become unreliable when there are significant load interaction 
effects, such as the effect of overloads, load sequencing, etc, because if the 
load interaction effects are significant, the prediction based on such an 
analysis will be either conservative due to crack growth retardation or 
unconservative due to acceleration. Ashcroft [140] indicated that in some 
materials, such as polymers, a facial interference during loading-unloading 
cycles may occur, and this may cause unexpected results. For example, he 
found that minimum stress intensity factor (Kmin) was increased, and therefore 
the range of stress intensity factor range (ΔK) decreased, during the 
application of variable loads on epoxy/carbon fibre reinforced polymer. 
4.4.2.3 Fracture Toughness (K) 
There are different methods to describe the resistance of a material to crack 
propagation, with each method recognised by a specific name such as 
fracture toughness (K), strain energy release rate (G), and J-integral [161]. 
Choosing an appropriate method depends on the material’s properties, for 
example if the material follows linear elastic fracture mechanics (LEFM) such 
as metal and ceramic materials, the fracture toughness method (K) will be 
valid, however for bonded materials, such as adhesives, even if the materials 
follow the LEFM, the strain energy release rate GIC is also a valid method.  
Ashcroft [140] and Erpolat et al. [161] used the LEFM principles, but adapted 
a model combining strain energy release rate instead of stress intensity factor 
(K) to predict crack growth in the bonded area of epoxy/carbon-fibre-
reinforced polymer (CFRP) laminates, type (AS4/8552), subjected to variable 
amplitude loads. Wiederhorn [27, 75, 165] used similar principles to estimate 
the crack growth rate of several glass-based materials. Qiao [141] tried to 
predict the cyclic life of pultruded E-glass/Polyurethane composites. If 
plasticity is predominant, the J-integral will be the more relevant parameter, 
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however this also has its limits, as if widespread creep is present, then time-
dependent fracture mechanics may be more applicable [60, 65, 140, 164]. 
In order to characterise the resistance to crack propagation of a material with 
the crack length and applied stress, the stress intensity factor has been 
defined to relate these two variables using LEFM approaches, according to 
the following equation [60, 65]:  
   Equation 4-13 
 
The critical fracture toughness value (KC) is defined as the largest K that a 
material can resist before fracture. In order to avoid fracture failure, the value 
of K determined from Eq. 4-13 must always be lower than KIC, where the 
subscript I denotes the crack opening mode of the applied load, i.e. this is a 
balance between stress and crack length.  
The relation between crack propagation rate (da/dN) and (K) has been stated 
by Paris equation [60, 65, 74, 140, 141, 166]:  
   Equation 4-14 
 
where: 
ΔK = stress intensity factor range (Kmax. – Kmin.); Kmax. and Kmin are determined 
by using σmax and σmin respectively, from Eq. 4-13. 
C and m are constants depending on material variables, environment, 
temperature, frequency, etc.  
Figure 4-8 shows the relationship between da/dN and ΔK, and shows that 
cracks will not propagate if ΔK, according to equation 4-13, is less than the 
threshold stress intensity factor (Kth). According to the literature, this value of 
Kth is determined when da/dN is equal to 10-8m/cycle [60, 65]. Usually this 
value is interpreted in design considerations as the “no growth of cracks” 
region. However, since the Kth value is always small, using a safety factor of 
more than 2 is always necessary in design considerations. By increasing σ 
such that ΔK exceeds Kth, the crack will start to propagate to self-driven 
failure. In other words, increasing a causes increasing K, consequently, da/dN 
is increased, and therefore the crack will propagate faster. The same cycle is 
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repeated until fracture, unless the applied stress is decreased to bring ΔK 
back below Kth. 
 
 
Figure 4-8 Illustration of crack propagation rate versus stress intensity factor range 
[60, 65]. 
 
Due to the enormous range of variables that influence the fracture mechanic 
properties of materials, this test always provides scattered values. This 
dispersed feature is more obvious with brittle materials because of the small 
values of KIC, which means that only a short range of crack lengths are 
available for measurement before causing sudden fracture [166, 167]. This 
difficulty becomes more significant with thin materials, because even small 
values of applied load could cause high applied stresses, and as such, the 
control necessary to achieve accurate applied stresses is problematic. 
Boccaccini [73] studied the fracture toughness of borosilicate glass and 
determined its KIC that was found to be equal to 0.75MPa.m0.5. A similar 
investigation by Haldimann [74] studied the effect of chemical composition 
and environment on the fracture toughness. Haldimann showed that the Kth of 
soda lime glass was between 0.2 to 0.3MPa.m0.5. However, he showed that it 
is difficult to quantify the Kth, because the threshold value is strongly 
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dependent on the environmental conditions, e.g. on the pH value of a liquid 
the glass is immersed in, and on the glass’s chemical composition.  
The fracture toughness strongly depends on the thickness of material; 
typically, increasing the thickness reduces the fracture toughness until the 
component reaches a certain thickness, when the fracture toughness will be 
fixed and will not decrease any more. The reason for this phenomenon can be 
attributed to the fact that larger cross sections have a higher possibility of 
existing flaws and imperfections that reduce the strength of the material [60, 
65].  
Standard charts and equations for the LEFM method have been prepared to 
correlate the cyclic applied load ΔP with ΔK. For example, ASTM E 647 [168] 
recommends the following equation to correlate between ΔK and ΔP, when 
considering the specimen dimension and geometry, for compact tension (CT) 
specimens [65, 168]: 
  Equation 4-15 
 
where  α = a/W, a is crack length, W is the distance from the loading position 
to the end of the specimen, B is the thickness of the specimen.  
The above equation gives valid results only for a specimen that has a/W 
and/or B/W equal to or less than 0.2.  
4.4.2.4 Hysteresis Loops  
During cyclic stresses, materials are exposed to two different load directions, 
which are loading and unloading. In many materials the load/unload cycle 
follows the same force-extension relationship. However, in some materials 
this phenomenon may lead to what is called hysteresis loops. Investigations 
[60, 65, 169, 170] showed that the occurrence, type, size and shape of the 
hysteresis loops under cyclic applied loads depend on many factors, such as 
internal stresses related to macroscopic residual stresses between the 
neighbouring grains, the material's resistance to cyclic plasticity, resisting 
contact (shear) stress, mean stress, and the material’s response to the 
applied loads (e.g. softening or hardening). Hysteresis loops take different 
shapes according to the behaviour of the material under the load, for example 
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some materials behave as elastic only, or elastic and then partially plastic, or 
fully plastic. Figure 4-9 shows schematic representations of different types of 
stress-strain hysteresis loops.  
  
 
Figure 4-9 Different types of hysteresis loops. 
 
Oldyrev [171] showed quantitative relations between the shape of the 
hysteresis loops and the total energy losses, i.e. the mechanical energy 
converted into heat, for laminated glasses. The tested specimens used in that 
study were 8.6mm×18mm in cross section and composed of glass laminate 
based on an epoxy-phenolic resin, which in the fill direction had almost the 
same moduli of elasticity in tension and compression. The variable load 
followed a sinusoidal curve, with different stress ratios, and the tests were 
based on up to 106 cycles. He found that most of the hysteresis took an 
elliptical shape. He established that in glass laminate, most of the mechanical 
losses are converted into thermal energy. The sum of the mechanical losses 
increases with increase in the fatigue life of the material, the ratio of thermal 
losses to total losses remaining constant under given deformation conditions.  
Investigations [65] showed that when a material is subject to asymmetric 
cyclic loading that leads to plastic strain, it exhibits the phenomenon of either 
mean stress relaxation (cycle-dependent relaxation) or strain ratchetting 
(cycle-dependent creep), or a combination of the two, depending on the 
applied load and structure geometry. If the maximum and minimum strains are 
fixed, then stress relaxation will occur. The initially non-zero mean stress will 
progressively shift towards zero as cyclic loading is applied and the size of the 
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loop decreases. On the other hand, if the maximum and minimum stresses 
are controlled, then the so called strain ratchetting will take place, (especially 
under non-zero mean stress), and therefore the size of the loop increases. 
4.4.3 Three Point Bending Test 
In this study, the three point bending test was carried out on bonded samples 
using an Instron type 3366 tensile testing machine. This had a capacity of 
10kN, but was fitted with a 50N load cell with an accuracy of ± 0.1N. A 
triangular (saw tooth) wave form with a cross head speed of 1 mm/min was 
used, unless otherwise specified. Figure 4-10 shows the cyclic loading type 
that was used in this study. A load control, non-rotated, non-zero crossing, 
positive mean stress bending test was used. The reason for this selection, 
(positive mean stress) is the similarity of this profile with the real loading 
profile of substrates: due to the weight of the components, the substrate 
remains under load even when the device is powered down, i.e. σmin, is 
always present. 
 
 
Figure 4-10 Schematic diagram of non-rotated bending test used for cyclic deflection 
tests. 
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In this study, the σmax was calculated according to beam theory and solid 
mechanics approaches, as described in Eq. 4-1, however for the samples that 
demonstrated a delamination/slippage phenomena, the amount of this stress 
would be changed due to the stress raiser effects, or debonded areas, that 
are generated around the edges. Calculating the exact applied stress around 
the defect edges depends on knowing parameters, such as the size, shape 
and sharpening degree of these defects.  
The samples were supported and loaded as shown in Figure 4-11. To specify 
the span length, the supports were aligned and fixed to a desired length 
through a fixture by aligning the applied load pin with the two supports using a 
special tool. For each sample the maximum and minimum load to be applied 
was calculated to achieve the required bending stress based on equation 4-1 
assuming that the sample was a solid beam. The testing machine was 
operated such that the sample was deflected until the maximum load (σmax) 
was reached, after which the load was removed until it reduced to the 
minimum load (σmin.). Since the samples did not have the same stiffness, the 
time taken to reach σmax varied. Therefore, stiffer samples had higher 
frequency, as reaching the desired loads took less time with the same cross 
head speed of 1mm/min, compared to less stiff sheets. As such, the 
frequency was considered in some tests as an estimation of stiffness. 
 
 
Figure 4-11 The fixture used for testing the compliance of the tensile testing machine. 
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To check the compliance of the machine, a travelling microscope was used in 
some tests. The microscope travel was measured to 0.01mm, using a vernier 
scale, and it was fitted with a lens to magnify the readings. The microscope 
was mounted to view the glass samples from the side. The microscope had a 
horizontal line in the lens that was aligned with the centre of the glass 
samples at the start of the test. After applying the load, the microscope was 
translated to align with the new position and the deflection recorded from the 
microscope scale and the tensile test instrument for comparison. This 
procedure was applied to static and cyclic loading tests. However, reading the 
deflection under cyclic loading required two persons to read the measured 
and calculated deflections instantaneously. 
4.4.4 Crack Opening Test 
Maszara et al. [86, 98, 172] were probably the first to apply the crack opening 
characterisation method in wafer direct bonding. Therefore, this technique is 
sometimes called the “Maszara” or “crack opening”, or “scalpel blade” test, 
since a scalpel blade is used (Figure 4-12). The technique is based on the 
equilibrium of elastic forces of the bent separated part of the pair and bonding 
forces at the crack tip, i.e. the two bent parts of the pair generate two different 
elastic energies, which are functions of the respective E and the two 
thicknesses, t1 and t2. Meanwhile the inserted blade also creates two new 
surfaces of length, L, which is the equilibrium crack length. 
Investigators [83, 98, 164] derived different mathematical models to transfer 
delamination distances to strain energy release rate (GIC). For the conditions 
of this study, as the bonded pairs were made of the same material with the 
same E and thickness, the strain energy released (GIC) can be calculated as 
[83, 98]:   
   Equation 4-16 
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where z is half of the blade’s height. Equations similar to 4-16 can also be 
derived for other parameters, such as dissimilar materials, different 
thicknesses and multilayer effects. 
By measuring the crack length (L), G in N/m can be determined. However, the 
4th power dependence for L means this is very sensitive to the measured 
value and makes this a difficult technique to obtain accurate results. 
Nevertheless, it is the most common test to estimate the strength of bonded 
wafers.  
The strain energy release rate (G), in N/m, can also be related to the critical 
stress intensity factor, KIC in MPa.m0.5, this can be expressed for plain stress 
as [65, 98, 140]: 
  Equation 4-17 
 
and for plain strain as: 
  Equation 4-18  
 
where υ is Poisson’s ratio.  
 
The crack opening test was used in this study to evaluate the strain energy 
release rate (GIC) of bonded CMZ glass sheets. For this purpose, a scalpel 
blade, 0.15mm width was used. This test was started by inserting the tip blade 
manually, up to 3-4mm between bonded pairs, using a steady load in the 
middle of the width of the bonded sheets, as shown in Figure 4-12, and then 
the delaminated distances were measured. The height of the blade, 2z, was 2 
mm. The blade was then removed and dye penetrant ink was used to indicate 
the end of the crack. A travelling microscope was used to magnify and 
measure the unbonded areas [98].  
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Figure 4-12 Measurement of the bond strength by the crack opening method. 
 
4.5 Reliability Evaluation 
The word reliability when applied to electronics packaging relates to the 
design and fabrication of robust devices. Hence, the objective of any reliability 
test of microelectronic packages is to accelerate the effects of field conditions 
to predict how various material and process options will actually perform in the 
field [13]. As increased density has made packages capable of performing at 
higher complexity, smaller features have become more delicate and more 
susceptible to failures due to corrosion, mechanical stress, or electrical 
overload. Reliability figures for active and passive electronic components are 
established by recording the life of those components under relevant 
conditions. In general, there are three main failures that can happen in 
electronic components which are: early failures (infant mortality) that quickly 
fail due to normal stress; overstress failures (intrinsic failures) caused by high-
level stress beyond normal usage; and wearout failures under normal 
conditions at the expected lifetime. From an economic point of view, reliability 
is driven by two requirements: cost – the device must last long enough to 
maximize the manufacturer’s profit; performance – safety requirements, ease 
of replacement. The reliability can be estimated by identifying the failure 
mechanism, performing accelerated life testing, measuring reliability and 
collecting failure statistics. Usually the more components measured, 
statistically, the more accurate the lifetime expectation prediction [1, 2]. 
There are many international standards that deal with the determination of the 
reliability and performance of electronic devices [1, 3, 18]. However, not all the 
tests can give a complete assessment. Regarding bonded substrates, 
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although various tests are recommended, as explained in section 1.2.1, the 
selected test design should reflect the conditions that the device will operate 
under in a way that will contribute to understanding of the mechanism of 
bonding/debonding within specific applications. For instance, substrates for 
space applications require low temperature tests, those that work in seawater 
require moisture and chloride-effect tests. 
Below is a review of the range of reliability tests that are applied to electronic 
products and/or substrates:  
• Drop Test: This test, sometimes also called mechanical shock, 
measures the durability of a part or material by subjecting it to a free 
fall, from a predetermined height onto a surface, under prescribed 
conditions. For electronics packaging, in general, this test is used to 
evaluate the reliability of solder joints in portable electronic products, 
such as mobile phones, PDAs and MP3 units, which are likely to be 
exposed to accidental drops during service, where excessive flexure of 
a circuit board causes product failure [173]. This test can be applied to 
products by using one of the standard procedures, such as IPC 9701 
“Solder Joint Reliability Test Method”, or the JEDEC standard, using 
different weights and speeds. For each parameter in the later a 
different standard can be used, for example JESD22-B104, JESD22-
B110 and JESD22-B111 - Figure 4-13 shows a typical drop test 
apparatus [174]. Each of these standards defines a specific weight 
(with the sample) that is accelerated to a certain height and then comes 
down to touch a strike surface. The raising and dropping of the 
velocity/energy profile usually takes a sinusoidal shape. Usually the 
maximum number of drops is 30 or higher. During the test, the shock 
pulse is measured for each drop to ensure that the input pulse remains 
within the specified tolerance. The connectivity of the solder joint is 
measured after each drop to evaluate the damage that has occurred 
[174, 175]. Vickers et al. [176] used the JEDEC standard which is a 
common test for FR-4 multilayer PCBs. He used this test on 15 chip 
scale packages (CSPs) each having 228 daisy-chained 0.5mm pitch 
lead free solder joints, mounted on an eight layer FR4 PCB. Chong et 
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al. [173, 177] and Kwon et al. [178] also used drop impact test to reflect 
the service conditions of solder joints bonded with substrates.  
  
 
Figure 4-13 Typical drop test apparatus and mounting scheme for PCB assembly [174]. 
 
  
• Stress Corrosion Cracking (SCC): This test is mainly used to evaluate 
the cracking resistance of materials under different environments. In 
this test, the sample, inside a specific solution is exposed to a constant 
stress or the stress is gradually increased with very low strain rate [75, 
179]. This test has also been used as a reliability test for bonded 
components. For example, Lane [180] used a stress corrosion cracking 
method to investigate the delamination between dielectric/metal 
interfaces, e.g. SiO2/TaN and Ta films, using a range of environmental 
conditions. He found that the moisture content has a large effect on 
reducing the effective work required for delamination. 
• Thermal Cycling: The main problem in terms of reliability comes from 
the fact that nearly all solid materials expand when heated and contract 
when cooled and different materials have different rates of expansion 
and contraction. Each thermal cycle puts these dissimilar materials, 
with their dissimilar CTE, through one cycle of stress and strain. 
Temperature cycling has been used to accelerate the effects of the 
thermal expansion mismatches between the different materials within a 
module and to check the integrity of the bonds, component attachment 
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and solder joints on PCB substrates. In a thermal cycle, the entire 
assembly is heated at a steady rate to a maximum temperature, held at 
this temperature for a specific time and then cooled at a steady rate to 
a minimum temperature where it is held again for a time, before 
commencing the cycle again. According to different standards, various 
thermal cycling profiles, ranges of temperature, heating and cooling 
rates and dwell temperatures can be used to reflect the service 
conditions. For example, JESD22-A104C uses conditions A to N, for 
example, where A  is -55 to 85oC, B is -55 to 125oC, G is -40 to 125oC, 
K is 0 to 125oC and N is -40 to 85oC [175, 181]. The common lowest 
used temperatures range from 0oC to -50oC, and the highest commonly 
used temperatures range from 100oC to 300oC. The heating rates also 
vary from 1oC/sec to 1oC/min [1, 16]  
• Thermal Shock: This test is similar to thermal cycling except that the 
temperature changes occur at much higher rates. The severity of this 
test is increased by increasing the range between the minimum and 
maximum temperatures. This type of reliability test is more applicable 
for fragile materials, as they have low resistance against thermal 
stresses. JEDEC also standardized this test under JESD22A106, 
although it uses the same range of temperatures that are mentioned 
above for thermal cycling, i.e. -50o to 125oC, but heating and cooling 
rates are higher. Nakanishi et al. [96] examined the thermal shock test 
according to the procedures of the Japan Industrial Standard (JIS) on 
SiO2-SiO2 bonded layers by alternating them between iced water (0oC), 
and boiling water (100oC), for 5 cycles as each took three seconds. 
O’Malley [182] used thermal shock testing on flip chips that were 
attached on board assemblies. She reported that the primary failure 
mode was delamination at the interface of the underfill material / silicon 
chip passivation layer. Dlouhy [183] investigated the effect of the 
thermal shock on the fracture behaviour of a hybrid glass matrix 
composite. The KIC values of the samples were compared before and 
after thermal shock experiments. 
• Power Cycle Test: Power cycling is another test to evaluate the 
reliability of packaged electronics. Each time an electronic device is 
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turned on, it heats up, and when it turns off, it cools down. Both steps 
combine to make one power cycle. In general, this test is used to 
examine a product under in-service duty cycles. Nowadays, the impact 
of temperature on substrate manufacture and performance has been 
increased due to the introduction of lead free solder alloys with higher 
melting temperatures [6, 113, 132]. At the same time, in terms of 
operation, high density interconnect trends are focusing on increasing 
I/Os, with a consequent rise in the temperature during operation [9]. 
The heating and cooling profiles – due to increasing and decreasing 
the electrical current – that are used in this test are similar to the 
thermal cycling test, except in power cycling the package is 
differentially, locally heated, not the whole system. During the heating 
phase of a cycle – after the maximum junction temperature is reached 
– the load current is turned off and the chip cools down due to its small 
thermal mass until it reaches the heat sink temperature. The duration of 
the cooling phase depends on the efficiency of the employed cooling 
system. One of the standards used for power cycling is IPC-9701 [184]. 
Scheuermann [185] tested a product, its trade mark SKiM®3, by 
applying a voltage to produce a current of 72A to obtain temperature 
range profiles between 40oC (maximum heat sink temperature) and 
120oC (maximum junction temperature), for hundreds of thousands of 
cycles, where each cycle time was 28 seconds comprising 23 seconds 
for heating and 5 seconds for cooling. Setty et al. [186] tested a 
65mmx50mm FR4 card with four 36 I/Os attached to a chip scale 
package (CSP), using a power cycle profile range between 0 and 
100oC, hot dwell time = 7 minute, cold dwell time = 1 minute, and each 
cycle time = 10 minute. A daisy-chain was constructed to detect the 
failure. The electrical system that was used by Setty consisted of a DC 
power supply, a temperature controller, thermocouples, and a 
thermoelectric cooler. The idea behind this test was to explore how 
increasing the temperature causes the thermal expansion of copper 
traces, so that their length becomes longer and their area is reduced, 
which leads to an increase in the resistance of daisy chains. Lang [187] 
correlated the results that were obtained from the finite element method 
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with the experimental results according to that standard and he 
demonstrated the standard’s applicability. Sometimes, these tests are 
carried out under different environmental conditions, such as 
temperature and/or humidity testing. 
• Humidity Test: The humidity test has been used as an accelerated test, 
to evaluate the reliability of electronic modules where the bonding 
processes are key aspects of their structures, or the components are 
sensitive to moisture. This accelerated test is mainly used for 
assessing the structures and devices that are exposed to humid 
environments in real applications [167]. The two main parameters used 
are humidity and temperature. There is a wide range of values of 
humidity and temperature for assessing electronic devices; for example 
the relative humidity ranges from 30% to 100%, and temperature 
ranges from 50oC to 95oC [1, 16]. JESD22-A101B [188] is the most 
common method to test the reliability of electronic devices against 
environmental conditions. In this test, the sample is exposed to relative 
humidity (RH) of 85%, at a temperature of 85oC, under a vapour 
pressure of 49.1kPa and for 1000 hours. According to different 
standards, such as IPC standard, this test is used for many electronic 
devices for different periods of time, for example to investigate flip-chip 
assembly on PCB substrates for 100-1000 hours [6]; the bonding 
strength between a PCB and passive components for 200 hours [189]; 
for GaAs devices for 500 hours [190]; vertical cavity surface emitting 
lasers (VCSEL) for 200-500 hours [167]; and a Fibre-Optic Transceiver 
Housing for 48-236 hours [191].  
 
Although all the above tests are used as reliability tests, there is no unique 
test that is capable for every application. Some of these tests have 
shortcomings and drawbacks for specific applications. The reasons behind 
these restrictions may be attributed to the materials properties, for example 
the drop test is not a valid test to estimate delamination for fragile materials, 
e.g. glass, as dropping the sample causes fracture, not delamination, and as 
such, the method cannot represent the bonding quality. Furthermore, the 
power cycle is used for localized heating, which is not compatible with the aim 
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of the study, which was characterising the bond through the whole bonded 
area. 
Regarding the current study, i.e. choosing an appropriate test which estimates 
the reliability of bonded sheets, which depends on the end-use application 
conditions; two common tests were carried out, namely, thermal cycling and 
humidity tests, for assessing the reliability of substrates. The reason for 
choosing these two tests was because the goal of this study is estimating the 
bond quality and its reliability, not testing the overall device. In the case of 
weak bonds, such tests are expected to lead to visible delamination or 
debonded areas or other defects that may occur within the intermediate layer 
due to decomposition or deterioration.  
As described in section 1-4, the aim of the current study was to show the 
feasibility of glass to glass bonding. This study was one part of a whole project 
that included two other PhD students working on laser machining and plating 
respectively, i.e. generating vias and copper tracks on the glass sheets was 
not part of this thesis. Accordingly, the plain bonded sheets only were 
exposed to thermal cycling and humidity tests. However, for completeness the 
whole project, and to show the effect of the copper tracks on the reliability of 
the bonded sheets, the same tests must be applied on the bonded sheets 
including the tracks. 
4.5.1 Thermal Cycling Test 
Due to the importance of the thermal cycling test for substrates and since 
bonded glass has not as yet been used as a substrate, the reliability of these 
glass bonds exposed to thermal profiles identical to substrate applications has 
been investigated here. A thermal cycling test was used to accelerate the 
aging of the bond between glass sheets. A test chamber of type Delta 190H, 
manufactured by Design Environmental, was used with thermal cycles from -
40oC to 125oC with heating and cooling rates of 1oC/min and dwell times of 30 
minutes at 125oC and 15 minutes at -40oC, as shown in Figure 4-14. This type 
of thermal cycling was selected because it matched the thermal cycle profiles 
that are typically used for electronic devices [1, 9]. 
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Figure 4-14 Thermal cycle profile used in this study. 
 
4.5.2 Humidity Test 
In this study, a humidity test, as another reliability test was applied to the glass 
bonds. For this purpose, a test chamber of type Precise Humidity Control 
DR5000 was used and the bonded sheets were exposed to a humidity test of 
85oC/85% relative humidity (RH) for 200 hours. These parameters were used 
in this study because they are the most common parameters, especially for 
testing electronic substrates, for example Tummala [9] used the same 
parameters, for 1000 hours, for testing a system on package substrate, with 
embedded passive components. 
 
4.6 Surface Analysis Tools  
In this study, besides optical microscopes, a scanning electron microscope 
(SEM) and focused ion beam (FIB) system were used to examine the samples 
The SEM was a LEO model 1530 VP instrument, fitted with Energy Dispersive 
X-ray Spectroscopy (EDX), that was used to image the sample and provide 
elemental analysis of a region of interest [192]. To avoid charging of the 
samples during SEM and FIB analysis, a thin layer of gold was deposited prior 
to placing in the vacuum chamber.  
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The FIB instrument was an FEI Nova 600 NanoLab system. FIB systems 
operate in a similar fashion to SEM except that rather than a beam of 
electrons they use a finely focused beam of ions (usually gallium) that can be 
operated at low beam currents for imaging or high beam currents for site 
specific sputtering or milling [193]. The gallium (Ga+) primary ion beam hits 
the sample surface and sputters a small amount of material which leaves as 
either positive or negative ions, or neutral atoms. The primary beam also 
produces secondary electrons. When imaging, the signal from the sputtered 
ions or secondary electrons is collected to form the image of the surface [194]. 
A minimum feature size that can be seen by this system is down to 25nm. FIB 
was used in this work to cross-section the delicate glass-glass interfaces by 
machining into the material using the ion beam at high beam current – by 
doing this, little or no damage occurred compared to traditional manual 
polishing methods used for sample preparation that usually resulted in 
significant cracking.  
 
4.7 Experimental Repeatability  
A significant part of the research concerned the initial development of the 
bonding methods and analysis techniques. The preparation of samples was a 
time consuming task requiring 2-3 days. For example, cleaning for 24 hours 
followed by another 24 hours for heating under pressure. Although such 
bonding time can be considered as a disadvantage for production, through the 
manufacturer’s point view and costs perspective, it was necessary to avoid 
high temperature bonding methods, such as fusion at higher than 1000oC, 
and cleaning by aggressive solutions, such as HF, HNO3, to provide 
hydrophilic surfaces. For PALTB, the number of samples that could be 
prepared in each session was also limited to 3 by the clamps available. 
Accordingly, the number of samples that were prepared was limited, when 
considering the time spent for the initial tests in this work that were necessary 
to find the procedures that provided good bonding area free of contamination 
and cracks. 
In spite of the above facts, besides the initial tests that were carried out until 
both bonding methods were standardised, in general every experiment was 
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repeated at least twice, and for the samples that did not require long bonding 
times, such as preliminary bonds, the experiments were repeated with up to 
five samples. In this study, for the experiments that had only two readings, the 
average value is shown in graphs and tables. For the experiments that had 
more than two values, the average is shown with error bars to show the 
minimum and maximum values. Error bars are used on bar charts, tables, etc 
to indicate uncertainty in a reported measurement. Error bars can be used to 
visually compare two quantities, assuming various other conditions hold, to 
determine whether differences are statistically significant. However, due to the 
limited number of test pieces, establishing statistical analysis, e.g. Weibull, 
was difficult. 
 
4.8 Summary 
This chapter summarised the approach taken in this research and the bonding 
methods used. The chapter detailed the techniques used to assess the quality 
of bonded sheets through the development of deflection under cyclic loads 
and crack opening tests. In order to assess the reliability of bonded glass 
sheets, thermal cycling and humidity tests were also established.  
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CHAPTER FIVE 
 
5 PRESSURE ASSISTED LOW TEMPERATURE 
BONDING 
This chapter covers one of the two bonding methods used in this study which 
is pressure assisted low temperature bonding (PALTB). Since in PALTB there 
is direct glass-to-glass bonding, i.e. without any intermediate material, the 
existence of any contaminants between the sheets will prevent the surfaces 
contacting each other and lead to failure of the bond. As this was a new area 
of research, effort was initially devoted to developing suitable cleaning 
procedures and equipment. This chapter shows the bonding procedures, 
bonding requirements and results. Moreover, the behaviour of the material 
used, such as load vs. deflection behaviour of CMZ glass and its fracture 
toughness, are shown.  
 
5.1 Overall Bonding Procedures Description 
The literature review showed that the PALTB method could meet the needs of 
the present application, however since it has only been considered and 
studied by a few researchers, the procedures and techniques that have been 
used in this study have required several iterative stages of investigation: initial 
tests, followed by analysis of results and subsequent process improvements.  
In general, the PALTB method involves three main steps: cleaning, assembly 
and heating under pressure, as shown in Figure 5-1. However, different routes 
and processes were used to apply these steps. Figure 5-2 is a flow chart that 
shows the two main routes investigated with their steps and processes that 
were applied to achieve appropriate bonds from PALTB. The cleaning process 
was carried out in a clean-room of Class 10000, (10000 contaminants of size 
0.5µm, or larger, in diameter in one cubic foot of air). Different temperatures, 
time, and pressure values were used for bonding to achieve the optimum 
parameters. The temperatures used were 100, 200, 300 and 400oC, with 
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pressures of 1, 2, and 3MPa, and different time periods of 4, 8, 12, 16, 20, 24, 
48 and 60 hours. 
 
 
Figure 5-1 Schematic diagram of the bonding process. 
 
At the beginning of the experimental programme, process route A was used, 
and consisted of the processes of cleaning, drying, assembly and heating 
under pressure with clamps. The initial investigations and results showed that 
the bonds achieved by this route included unbonded areas due to the 
contaminants that accompanied the drying process.  
 
 
Figure 5-2 PALTB routes used in this study. 
 
On the other hand, route B consisted of the processes of cleaning, assembly, 
heating in a vacuum oven (VO) without applying pressure, and then heating 
with pressure applied via the clamps. Therefore, route A can be defined as 
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one stage bonding, while route B was two stage bonding: preliminary and 
permanent bonding. The initial investigations showed that the bonds achieved 
by route B could provide better results with less debonded areas. 
5.1.1 Cleaning Process 
Figure 5-2 showed that the cleaning step was carried out as a first step in both 
processes. Figure 5-3 shows a flow chart giving more details about the 
cleaning procedures. The CMZ glass sheets were initially immersed in 
undiluted Decon 90 and cleaned with ultrasonic agitation for 5-10min. This 
technique has been recommended by some investigators [95, 124, 195] to 
remove tacky substances, such as dust, hair and organic matter, directly from 
glass surfaces: if tacky substances are removed slowly via dipping in a 
cleaning solution, this may still leave residues on the surface that will act as 
contaminants during bonding.  
 
 
Figure 5-3 Flow chart showing the cleaning procedures used for both processes.  
 
For further activation, the sheets were put into undiluted Decon 90 for 24 
hours, as illustrated in Figure 5-4. After a rinse with deionised (DI) water, the 
sheets were left for 15 minutes in deionised filtered water. To filter the water, a 
filter pump was established. The sheets were then rinsed again, and left 
inside filtered DI water. Depending on the process (A or B) the next stage was 
to dry or assemble the glass sheets. 
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Figure 5-4 The process to get a clean and hydrophilic surface. 
 
5.1.1.1 Cleaning Solutions 
In this study three solutions were tried for cleaning purposes, namely Decon 
90, 40% KOH (40g KOH in 100ml DI water) [58, 84, 87, 93, 95] and 
concentrated nitric acid (67% HNO3) [82, 98, 101, 109]. To assess their 
effectiveness, the water droplet contact angle was measured after different 
treatment trials. A water contact angle measurement test [110], using a Data-
Physics OCA-20 goniometer, was used to investigate the effect of the 
cleaning solution on wettability.  
Figure 5-5a shows the average of 4 contact angle values for CMZ glass 
following treatment in the solutions. The glass sheets were cleaned by 
immersing them in the solutions for different times (1, 4 and 24 hours), rinsing 
them in DI water and then directly tested after drying. The results showed that 
all treatments reduced the contact angle compared to the untreated surface 
(470), but increasing cleaning time led, in general, to a decrease in contact 
angle for Decon and KOH, while HNO3 showed an increase. Figure 5-5b 
shows the difference between the contact angle of CMZ glass before and after 
cleaning by undiluted Decon, which were equal to 47o and 17o respectively. 
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a- Water droplet contact angles for cleaned glass using 
three solutions 
 
 
b- Comparison between contact angle values of CMZ glass 
before and after cleaning with undiluted Decon 90 
 
Figure 5-5 Effect of the solutions on water droplet contact angle measurements of CMZ 
glass. 
 
The contact angle measurements showed that Decon 90 had a beneficial 
effect on providing hydrophilicity better than KOH. Furthermore, Decon 90 is 
not highly corrosive, and this feature has potential advantages since if copper 
tracks are present on the glass it is necessary to avoid strong alkalis and 
acids, as they will cause corrosion. In addition to the above, the solution had 
not been applied alone by other investigators for bonding purposes. Based on 
these results Decon 90 was chosen as the main cleaning solution for the 
bonded glass sheets. 
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Figure 5-6 SEM images of CMZ glass surfaces a) unclean, b) cleaned by HNO3, c) 
cleaned by KOH, d) cleaned by Decon 90. Sheets are inclined by 30o to highlight the 
features. 
 
Besides water contact angle measurements, a scanning electron microscope 
(SEM) was used to examine the surface details of the sheets cleaned by the 
three solutions. Although, there are very tiny contaminants on glass surfaces, 
especially those cleaned with KOH and Decon, no significant differences were 
found between the cleaned surfaces by the solutions, as shown in Figure 5-6. 
These tiny contaminants can be attributed to two factors; first the test was not 
carried out in an appropriate clean room, secondly the cleaned surfaces were 
hydrophilic, i.e. have abilities to attract the contaminants from the air. This 
investigation was another reason for using Decon 90 as the main cleaning 
solution in this study. 
5.1.2 Drying Process 
Figure 5-2 showed that for process route A, a drying process followed the 
cleaning and rinsing before assembly. However, since the cleaned sheets had 
high surface energy, drying was problematic as they attracted contaminants 
from the atmosphere, i.e. achieving absolutely clean surfaces after cleaning 
and drying was very difficult. Drying without re-contamination of the surface 
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was a significant challenge faced during processing. Unbonded areas and 
Newton’s rings were always evident on the assembled dried sheets.  
For PALTB, any contaminant between the two bonded fragile material sheets 
caused unbonded areas much larger than the contaminant itself, as it was not 
possible for the glass to deform around the debris due to the absence of high 
annealing temperatures. To overcome contaminants, several procedures and 
techniques were investigated. The experiments that were carried out in the 
clean room (class 10000) showed that most of the dirt and contaminants were 
appearing within the drying stage. Below is a summary of the techniques 
attempted to eliminate debris during drying:  
• Leaving the cleaned sheets for a long time inside a desiccator: For this 
procedure, a holder as shown in Figure 5-7a, was made from 
polycarbonate material, to support the glass sheets vertically. However, 
the process was not encouraging, as residues were left from the edge 
contacts with the rig. Furthermore, because of the still air condition, the 
drying process needed a long time (approximately 24 hours). To 
accelerate the process, the desiccator was supplied with circulated 
filtered air, as shown in Figure 5-7b, however, the residue problem 
remained.  
 
 
Figure 5-7 Different attempts to dry the glass sheets. 
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• Cleaning and drying inside a glove box: A glove box was designed and 
built, as shown in Figure 5-8, suitable for hand movements for cleaning 
and handling the sheets. The pre-filtered air of the clean room was re-
filtered within the glove box by means of air filters on the input tubes, 
connected with a pump. The main disadvantage of this technique was 
limited space in which to work. 
 
 
Figure 5-8 Glove box used for drying the glass sheets. 
 
Compared to drying in the clean-room, a few of these procedures gave better 
results, such as leaving the sheets in a desiccator for a long time. However, 
others did not produce the desired level of cleanliness that was required for 
lamination. Figure 5-9 shows optical microscope images of samples bonded 
together. Examination of the region at the centre of the rings showed clearly 
the presence of debris.  
 
 
Figure 5-9 Unbonded areas after assembly of glass sheets following different drying 
procedures. 
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Table 5-1 and Figure 5-9 show quantitative and qualitative results 
respectively, of unbonded areas obtained using different drying procedures. 
Figure 5-9 shows clearly the Newton’s rings observed within unbonded areas. 
After thorough inspection and multiple trials, the experiments showed that the 
best way to avoid contaminants on the surfaces was achieved by putting each 
pair of CMZ glass sheets over each other in filtered deionised water, “wet 
assembled”  which led to the development of process route B (Figure 5-2). 
 
Table 5-1 Average quantitative results of unbonded areas. 
Cleaning procedure Number of 
unbonds 
Unbonded 
area % 
Dilute Decon, distilled water, assembled while 
still wet (but not underwater) 
10-12 80-85 
Dilute Decon, distilled water, dried in the air 
(clean-room) 
8-9 20-25 
Undiluted Decon 90, rinsed in filtered water, 
dried in the air (clean-room) 
9-10 25-30 
Ultrasonic cleaning in undiluted Decon 90, rinsed 
by deionised filtered water, dried in a desiccator. 
1-2 5-10 
Ultrasonic cleaning in undiluted Decon 90, rinsed 
by deionised filtered water, assembled under 
water, dried in vacuum oven 
Very rare Almost fully 
bonded 
 
5.2 Bonding Stages  
As mentioned above, because the initial trials examined sheets assembled in 
a dry condition, this led to contamination and the preferred method of cleaning 
and assembly was to place the samples together underwater. Process route B 
was therefore the preferred bonding method for further experiments.  
Figure 5-10 shows the route B process in detail. The bonding process, after 
cleaning and assembly, was carried out in two stages; preliminary and 
permanent bonding. To allow any air bubbles to escape and draw off any 
moisture between the sheets, a vacuum oven, type model OV 11- supplied by 
Medline Scientific Limited - was used to obtain dried sheets before further 
heating under pressure during the permanent bonding stage. 
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Figure 5-10 Process route B, including two bonding stages. 
 
The wet assembled technique has been used by other investigators [98], they 
pressed the sheets locally and gently so as to squeeze out the air during 
bonding, while others used a round rod rolled uniformly over the sheets [81, 
114]. However, achieving uniform pressures using such manual techniques is 
difficult, and it was found that the vacuum oven was a good technique to 
obtain uniform pressure and effective moisture withdrawal [124]. 
5.2.1 Preliminary Bonding Stage 
To remove the thin water film, between the assembled sheets, the samples 
were placed within the vacuum oven under a vacuum between 74-76cm Hg, 
i.e. a maximum pressure inside the oven of 2660Pa, for 15 minutes, and then 
heated to 100oC for 1hour. The heating rate was 1.5oC/min, and the 1hr hold 
time began when 100oC was reached. Although the sheets gained a degree of 
strength at this stage, referred to as “preliminary bonding”, compared with 
unbonded sheets, their bond strength was not sufficient for the application, as 
the load-deflection curves showed delaminations between some of the 
bonded samples, especially under high-applied stresses. As such, a 
permanent bonding stage was necessary and achieved by pressing the 
preliminary bonded sheets together while heating to a higher temperature in 
air for a longer period of time.  
5.2.2 Permanent Bonding Stage 
After the preliminary stage, to achieve permanent bonding, a range of 
parameters for the permanent bonding stage were tested. For this purpose, 
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the sheets were exposed to an applied pressure of 1-3MPa, at temperatures 
between 300 and 500oC, for 16-60 hours. For this, a conventional Carbolite 
oven was used with a constant heating rate of 6oC/min. This technique was 
also used in process route A for sheets that were dry assembled. In order to 
evaluate the bonding process, and to realise the effect of the number of 
sheets, up to 5 sheets were laminated in one press.  
 
 
Figure 5-11 Clamps used in this study to apply pressure. 
 
Since this type of bonding needs pressure at high temperature for different 
periods of time, methods to clamp the preliminary bonded sheets were 
required. Several clamps, with different designs and configurations, were 
considered and analysed. Figure 5-11 shows two different clamps that were 
used in this study. The clamps consisted of steel plates with threaded bars for 
which pressure was applied by compressing springs with a known spring 
constant. The clamp with two springs did not show uniform pressure 
distribution, due to bending about the ends of the glass sheets. The clamp 
with three springs was therefore developed to apply more uniform pressure 
and avoid bending.  
Application of load to the samples was estimated based on the spring 
parameters. The spring rate of the springs was 125N/mm and the pitch of the 
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bolts was 2mm. Since these two numbers were known, the load was 
estimated by measuring the number of nut turns. Careful attention was taken, 
during turning the nuts, to apply the loads, or their release, equally over all 
springs simultaneously. For this purpose, besides measuring the number of 
turns of the nuts, a torque wrench was used to apply equal torques on the 
springs, consequently applying equal pressure. 
A thermometer was used to calibrate the temperature of the vacuum oven and 
a thermocouple was used to calibrate the convection oven used in this study. 
The results showed a good match with the given values of temperature. On 
the other hand, in order to calibrate the springs used for generation of the 
pressure on the glass sheets, and to make sure that working at high 
temperatures did not soften the materials, a tensile testing machine was used 
to assess them in compression. Figure 5-12 shows that they had similar load 
rates, i.e. 125N/mm, and that working at high temperatures (for each bonding 
process the springs were heated at 300oC for 24 hours) had no noticeable 
effect on their rigidity. 
 
 
Figure 5-12 Calibration of a spring used in the clamps to apply pressure. 
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5.2.2.1 Applied Pressure Requirements 
Since the bonded sheets were thin and brittle, they were not readily 
deformable, and the presence of any minor non-planarity within the sheet 
surfaces or contaminant particles, would cause non-uniform pressure 
distribution generating unbonded areas, cracking or breaking. The 
experiments showed that the glass bonding process was very sensitive to 
surface planarity, which was also observed by Maszara et al. [103], such that 
the pressure had to be applied on the pre-laminated sheets very carefully.  
Almost all the initial trials of applying pressure by the clamps alone led to 
failure, i.e. one of the glass sheets broke. Although it is well known that there 
are a variety of sources and/or reasons for the nucleation of the cracks, the 
main reasons in this case came from improper or unbalanced loading. 
Pressurex film detectors were used to evaluate the uniformity of the pressure 
distribution. Pressurex is the trade name of the company [196] who supplied 
the detectors and analysed a few of the trials of the pressure distribution 
patterns obtained. The company supplies different film detectors that are 
compatible with the amount of the applied stresses such as Pressurex micro, 
ultra low, super low, low, medium, high and super high. Pressurex pressure 
indicating sensor film is a thin mylar film (0.1 to 0.2mm thick) that contains a 
layer of tiny microcapsules. The applied load on the film causes ruptures to 
the microcapsules, producing colours with different intensity which represent 
the pressure variations across the contact area. The greater the pressure, the 
more intense the colour.  
For this study, super low film detectors were used, which are sensitive to the 
range of applied pressures used. The films were placed between the glass 
sheets under pressure. After removal from the clamps, the pressure 
distribution profile displayed by the film was read by a specific detector, 
according to the intensity of the colour, as shown in Figure 5-13 which was 
analysed by the Pressurex company itself.  
For example, Figure 5-13 shows an analysis of a film that was exposed to a 
nominal stress of 1MPa applied using the clamp with only two springs. 
Although there were inequalities of the pressure distribution within the whole 
surface area, the average value of pressure, as calculated by the suppliers 
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was 140psi, which is equal to 1MPa pressure, indicating that the clamp load 
was correctly applied by the springs.   
 
 
Figure 5-13 Profile analysis for pressurised CMZ glass sheets within clamps. 
 
The profile shown in Figure 5-13 indicated non-planarity of the pressure over 
the glass surface area for the clamp system, with two springs, (Figure 5-11). 
Areas of high pressure occurred at both ends of the glass, but not in the 
central region. With the three spring clamp, the distribution was more uniform. 
The applied pressures measured by Pressurex coincided with the calculated 
pressures using the spring rate, especially for the samples that had uniform 
pressure distribution. 
To guarantee the application of a uniform pressure over the entire sheet some 
precautions were necessary, as below: 
• Surface flatness of the plates used: To measure the surface flatness of 
the plates used in building the clamps, both traditional micrometer and 
coordinate measuring machine (CMM) methods were used. The CMM 
machine works on the probing system with a sensor operating on a 
touch trigger principle. The machine has the ability to give the 
differences between one reading and another, and finally it gives the 
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average of these differences as one value. The measurement is 
inferred from scales on each of the 3 axes; x (length), y (width) and z 
(height) directions. A reference point can be set by the machine when 
the probe contacts the surface of the sample and at the end of the test 
the machine gives the average of the differences relative to the 
reference. For the flatness measurement, the z- direction was 
important, and therefore, the surface flatness was measured by taking 
the average of the differences in height dimension across the surface 
of the used plates, as shown in Figure 5-14. The results showed that 
surface flatness of machined-ground medium carbon steel plates was 
40-50µm. This amount of deviation was considered high, compared 
with the glass sheet thickness of 100µm. As a result, normalised high 
carbon ground steel plates, were chosen in order to achieve more 
planar surfaces. Two plates were tested, for each plate more than 25 
readings were chosen, and the average flatness of these plates were 
5.6µm and 4.2µm. 
 
 
Figure 5-14 Surface flatness values recorded using a CMM. 
 
• Cover materials: Due to the cleanliness of the glass, when heated 
under pressure, some bonding between the metal plates and glass 
occurred. To avoid bonding between the glass sheets and the clamp 
surface plates, different sheet materials of 1mm thickness such as 
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aluminium, copper and microscope glass slides were used as covers 
above and below the CMZ glass sheets, as shown in Figure 5-15. The 
investigations showed that the microscope slides were the best when 
they had the same dimensions as the CMZ glass sheets. When this 
was not the case, they had a direct influence on glass cracking, due to 
stress concentration. When using commercial copper plates, the 
investigations showed that this choice was not successful since only 
small pieces of the copper plates were bonded with the glass sheets 
since copper oxidised at the relatively high temperatures. This affected 
the planarity of the surface and, as such, would be problematic for 
subsequent multilayer bonds. The aluminium sheets, due to their 
flexible properties, had less cracks than copper plates, even with 
unequal dimensions to the CMZ glass sheets. The investigations 
showed that the preferred method was using similar dimensions of float 
glass, as shown in Figure 5-15d, as this led to less cracking. 
 
 
Figure 5-15 Different covers between CMZ glass and clamp plates. 
 
• Clamp plates incline prevention: In spite of using the above 
precautions, the investigations showed that a highly uniform pressure 
was still not achieved. This was attributed to the inclination of the upper 
clamp plate due to uneven tightening of the bolts. This was evident by 
using Pressurex detectors. To overcome this issue, the CMZ and cover 
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sheets were sandwiched together and placed within a slot made in heat 
resistant rubber to give stable clamps, as shown in Figure 5-16. This 
procedure had noticeable improvements on the pressure distribution on 
the CMZ sheets.  
 
 
Figure 5-16 Schematic diagram showing use of rubber sheets in the bonding process.  
 
Figure 5-17 shows the obvious differences of pressure distribution patterns 
with and without rubber around the glass sheets, at different applied 
pressures. For this trial, two different values of pressure were applied (1 and 
3MPa) to the glass sheets, each with and without rubber. The Pressurex thin 
film detectors were placed between the two glass sheets. The pressure 
distribution was estimated by the author according to visual brightness and 
distribution of the colouration with increasing pressure. As shown, applying 
pressure using the rubber surrounded gave a better pressure distribution, 
especially with 3MPa. 
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Figure 5-17 Effect of clamp plate inclination on pressure distribution. 
 
5.3 Stress and Deflection Calculations 
In general, for these tests, two sets of cyclic stresses were used to evaluate 
the bonds by deflection tests, which were σmin = 10MPa with σmax = 50MPa, 
and σmin = 20MPa with σmax = 100MPa, i.e. both had the same stress ratio (R) 
equal to 0.2. Also, two main sets of glass dimensions were used in this study 
which were 10x30mm and 20x30mm, but both with a test span equal to 
20mm. To determine the required load to achieve the desired stress at each 
dimension, bending stresses were determined using Eq. 4-1. Each stress 
cycle, i.e. both σmin and σmax, were calculated for single (0.1 mm thick), and 
multiple thicknesses of sheets.  
Table 5-2 shows examples of most of the stress calculations that were used in 
this study. At the same time, Table 5-2 shows the calculated deflections using 
the first part of Eq. 4-4; δ = FL3/48EI, i.e. the bending deflection component. 
The deflection values for two or more single sheets were based on an 
assumption that the combined sheets were solid. 
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Table 5-2 Calculated stresses and deflections for a material with E=70GPa, span = 
20mm. 
Number 
of 
Sheets 
Load – 
P    
(N) 
Thickness 
- h      
(mm) 
Width 
- b 
(mm) 
Moment of 
Inertia - I 
(mm4) 
Stress- 
σ 
(MPa) 
Calculated 
Deflection - 
δ (mm) 
0.033 0.1 10 0.000833 10 0.095 
0.166 0.1 10 0.000833 50 0.475 
0.067 0.1 10 0.000833 20 0.191 
0.330 0.1 10 0.000833 100 0.945 
0.060 0.1 20 0.001667 10 0.096 
0.330 0.1 20 0.001667 50 0.477 
0.130 0.1 20 0.001667 20 0.191 
0.670 0.1 20 0.001667 100 0.953 
Single 
sheet 
2.334 0.1 20 0.001667 360 3.334  
0.130 0.2 10 0.006667 10 0.048 
0.670 0.2 10 0.006667 50 0.238 
0.270 0.2 10 0.006667 20 0.095 
1.330 0.2 10 0.006667 100 0.476 
0.270 0.2 20 0.013333 10 0.048 
1.330 0.2 20 0.013333 50 0.238 
0.530 0.2 20 0.013333 20 0.095 
Two 
sheets 
2.670 0.2 20 0.013333 100 0.476 
0.300 0.3 10 0.022500 10 0.032 
1.500 0.3 10 0.022500 50 0.159 
0.600 0.3 10 0.022500 20 0.063 
3.000 0.3 10 0.022500 100 0.317 
0.600 0.3 20 0.045000 10 0.032 
3.000 0.3 20 0.045000 50 0.159 
1.200 0.3 20 0.045000 20 0.063 
Three 
sheets 
6.000 0.3 20 0.045000 100 0.317 
 
5.4 Mechanical Behaviour of CMZ Glass Sheets 
Understanding the mechanical behaviour of CMZ glass sheets under the 
same conditions and stresses that were applied to the bonded sheets was 
necessary to give a better view about the effect of bond strength on the 
deflection and stiffness of the interlayers. For this purpose, single sheets were 
examined based on three point bending, as shown in Table 5-3, using the 
glass dimensions that were used for bonding processes, (10x30mm and 
20x30mm with a span of 20mm). Comparisons were made between the 
deflection values, under static and cyclic stresses, given by the tensile testing 
machine and the measured deflection obtained by using a travelling 
microscope. 
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5.4.1 Load-Deflection Behaviour  
Table 5-3 shows deflection value comparisons of single sheets, under static 
and cyclic stresses, taken in different ways; measured (using a travelling 
microscope), read (taken from the tensile machine) and calculated (according 
to Eq. 4-1). For a few isolated cases with low deflection, some significant 
errors are noted (e.g. 0.14mm and 0.1mm for 20x30mm at 10MPa) between 
the measured and read values. However, for larger deflections these 
differences were greatly reduced such that most values were within 5 to 10%. 
The difference between deflection values for cyclic and static stresses was 
about 10%. 
The results showed that both measured and calculated deflections were 
almost the same for single solid sheets of 0.1mm thickness, and therefore the 
calculated deflection can be seen to be valid in the ranges investigated. A 
possible reason for these differences may be attributed to differences in the 
glass sheet thicknesses. For this purpose, and in order to consider the 
variations that might be present in the thickness of the glass sheets, some 
CMZ glass sheets were taken at random to measure their thicknesses and the 
results were found to be 100 (+0, -6)µm. Although this amount appears small, 
when subjected to the same load, this will change the deflection significantly. 
For example, when two sheets have 20x30mm dimension (span = 20mm), 
and the difference of their thicknesses is 6µm, i.e. 100µm and 94µm, an 
applied load of 0.667N in the middle of the sheets will produce 100MPa and 
113MPa respectively. The theoretical deflections under 100MPa and 113MPa 
are 0.95mm and 1.08mm respectively, which is a difference of 13%. As such, 
these variations can be even more effective for two sheets. For example, 
when two sheets that have 20x30mm (span = 20mm) dimensions, are 
exposed to applied stresses - comparing the situations where both sheets are 
100µm thick, with one sheet of 94µm and both sheets of 94µm - the deflection 
values for 100MPa will be 0.47mm, 0.49mm and 0.5mm respectively. This 
means the difference is 0.03mm. It means the variations are higher than that 
with single sheets. 
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Table 5-3 Deflection values in mm of single CMZ glass under static and cyclic stresses 
in MPa. 
Static loading Cyclic loading Dimension- 
mm 
Type of 
measurement σ1 δ 1 σ2 δ 2 σ min δ min σ max δ max 
Read 10 0.11 50 0.51 10 0.11 50 0.53 
Measured 10 0.10 50 0.50 10 0.10 50 0.55 
10x30 
Calculated 10 0.09 50 0.47     
Read 20 0.23 100 0.93 20 0.25 100 1.05 
Measured 20 0.21 100 0.95 20 0.20 100 1.00 
10x30  
Calculated 20 0.19 100 0.95     
Read 10 0.14 50 0.49 10 0.14 50 0.53 
Measured 10 0.10 50 0.50 10 0.11 50 0.45 
20x30 
Calculated 10 0.09 50 0.47     
Read 20 0.20 100 0.90 20 0.22 100 0.93 
Measured 20 0.21 100 0.90 20 0.20 100 0.91 
20x30 
Calculated 20 0.19 100 0.95     
 
The load-deflection curves, based on three point bending, until fracture were 
established for several single CMZ sheets tested individually. The results 
showed that the average fracture strength and deflection were around 
350MPa, and 3.1mm, respectively. For comparison, Table 5-2 showed the 
calculated deflection under this stress was 3.334mm, which was similar to that 
found here. 
On the other hand, in order to investigate the reproducibility of the deflection 
data, i.e. the suitability of the mechanical testing loads when applied to thin 
glass sheets, and to assess the applicability and sensitivity of the load cell 
response, loads were applied on single CMZ sheets of different lengths, with 
the same width and span distances. Tests were repeated on different days, 
while also making different beam configurations by changing the overhanging 
distances at the ends. The results showed that the differences between read 
and measured deflection were not significant, as it was within the same 
ranges that are shown in Table 5-3 and in general, did not exceed 10%, 
except for a few samples. 
Different numbers of “as received”, unbonded, CMZ glass sheets, were placed 
together and deflection tested. Similar dimensions to those that were used for 
bonding processes were used to be easily compared. Figure 5-18 shows the 
deflection of unbonded sheets of the two main dimensions used in this study; 
each value is an average of two samples.  
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Figure 5-18 Effect of dimension and number of unbonded sheets on deflection. 
 
Figure 5-18 shows also a comparison with the theoretical deflection values for 
a solid block with the same thickness as the bonded sheets, assuming E of 
glass equal to 70GPa [45, 65], the same value as CMZ glass [49]. The results 
showed significant differences between measured and theoretical deflections, 
as the lowest ratio between calculated to measured deflection was not less 
than 2:1, however this difference was increased with increasing length, width 
and the number of sheets, for example this ratio became 5:1 for 3 sheets of 
20x30mm dimensions. 
5.4.2 Fracture Toughness of CMZ Glass  
The fracture toughness behaviour, KIC, of CMZ glass was also determined. 
For this purpose, the pyramid tip of a Vickers hardness device with the angle 
between the faces of the pyramid of 1360, was used as an indenter [65, 72], 
using 0.5kg force, to create a specific crack length in a CMZ glass sheet as 
shown in Figure 5-19. Creating this crack required several trials, as due to the 
thin glass, applying this amount of force often led to a complete fracture. A 
cyclic bending stress was then applied to the sample (width of 20mm) that 
was supported with a span of 20mm. The same tensile machine that was 
used for deflection tests, with its fixtures, was used for this test. A travelling 
microscope was used to measure the crack growth after a known number of 
cycles.  
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Figure 5-19 A Vickers hardness device initiated crack on CMZ glass sheet. 
 
The average between the previous crack length (ai) and subsequent crack 
length (aj) was taken, similar to other investigators [65, 140, 168]: 
  Equation 5-1   
 
This average crack length was used to determine the K value according to Eq. 
4-13. Meanwhile, the interval growths of a crack were measured after a 
certain number of load cycles, i.e. whenever the crack growth was noticed; as 
such the crack growth rate (da/dN) was calculated.  
Bertoldi [197] and Ohelleran [198] indicated that a Vickers indenter might not 
be an ideal method to produce initial cracks that are as sharp as necessary 
and the application of the LEFM approach is valid when the crack under 
consideration is sharp, such as a fatigue crack [60, 65]. For this reason, as an 
interference between crack sharpening and crack growth may occur within the 
initial cycles, the first crack length was considered after 400 cycles. While 
towards the end, further incremental crack growth, Eq. 5-1 was used. These 
calculations are shown in Table 5-4. When the crack length was increasing, 
the value of ΔK was controlled by changing the applied load. As a result, the 
relationship between da/dN and ΔK was plotted, as shown in Figure 5-20. Two 
experiments were applied on two single sheets.  
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Table 5-4 Calculations carried out for measuring da/dN and ΔK of CMZ glass. 
Stress 
- σ  
(MPa) 
ai (m) 
(10-3) 
aj (m) 
(10-3) 
aj-ai 
(m)  
(10-3) 
aavg.  
(m) 
(10-3) 
Nf-Ni 
(dN) 
(cycles) 
ΔK 
(MPa.m0.5) 
da/dN 
(m/cycle) 
9.8 0.00 0.28 0.28 0.28 400 0.29 0.000001 
14.1 0.28 0.35 0.07 0.32 10 0.44 0.000007 
14.1 0.35 0.37 0.02 0.36 2 0.47 0.000020 
16.9 0.37 0.50 0.13 0.44 5 0.62 0.000026 
16.9 0.50 0.63 0.13 0.57 4 0.71 0.000033 
16.9 0.63 0.7 0.07 0.67 2 0.77 0.000035 
 
Figure 5-20 shows the fracture mechanics behaviour of single CMZ glass 
sheets (two samples were tested in separate experiments) from which KIC 
values were determined. Based on the results obtained here, the KIC values 
for both sheets were similar at 0.78MPa(m)0.5, while each sheet gave different 
values of Kth, which were 0.3MPa(m)0.5 and 0.4MPa(m)0.5. This KIC value of 
CMZ glass is lower than that obtained by Wiederhorn [27, 75] who 
investigated the fracture toughness of other glass types, such as soda lime 
silicate, lead-alkali glasses, in distilled water. The Kth values obtained here are 
towards the higher end of those obtained by other investigators, for example 
Haldimann [74] found that the Kth of soda lime glass is between 0.1-
0.3MPa.m0.5. The reason for this difference may be attributed to sources such 
as the chemical composition of the glass, the way the initial cracks were 
created, the thickness and loading system.  
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Figure 5-20 Fracture mechanic properties of CMZ glass. 
 
5.5 Bonding Routes 
The initial trials in PALTB were started with process route A. In this route, the 
sheets were assembled in a dry condition and the samples were immediately 
placed into clamps to apply pressure and temperature.  
Table 5-5 shows qualitative investigations using visual inspection, dye 
penetrant and microscope observation, as these methods were used to 
evaluate the route A process bonding. The investigations showed that 
bonding does not happen in route A below certain parameter values, for 
example below 100oC for 16 hours at 1MPa. Moreover, higher pressure 
values, above 3MPa, were also not preferable due to crack initiation. 
The route B process was developed from the method of route “A” and there 
were no visible debonded areas. Therefore, for the process route B which was 
the preferred bonding method, cyclic deflection, crack opening, humidity and 
thermal cycling tests were carried out to evaluate the strength of the bonds, 
for which the results are presented in the following sections. 
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Table 5-5 Qualitative evaluation of the route A bonds using different parameters. 
Bonding Parameters Time of cleaning 
with Decon Temperature 
(oC) 
Pressure 
(MPa) 
Time 
(hr) 
Qualitative bond 
results 
Without cleaning 100 1 8 Very weak 
1hr 100 1 16 Very weak 
2hrs 100 1 24 Weak 
1 day 100 1 24 Good 
1 day 100 1 48 Good 
1 day 100 1 60 Good  
1 day 200 1 24 Good 
1 day 200 2 24 Good 
1 day 200 3 24 Good but cracked 
1 day 300 1 24 Good 
1 day 300 2 24 Good 
1 day 300 3 24 Good but cracked 
1 day 300 4 24 Good but cracked 
 
5.6 Cyclic Deflection Test 
5.6.1 Cleaning, Temperature and Ageing Effects 
In order to find the effect of cleaning only on bonding, the cleaned assembled 
sheets were left for different times following assembly. Table 5-6 shows the 
deflection of these assembled sheets under σmax = 100MPa. The results 
showed that deflection values decreased with the time left after cleaning as 
the moisture left between the layers slowly evaporated. 
 
Table 5-6 Deflection after ageing of cleaned samples, 20x30mm, with a span of 20mm, 
under σmax = 100MPa. 
Process details Deflection (mm) 
1 hour after cleaning process  1.78 
2 hours after cleaning process 1.32 
24 hours after cleaning process 0.92 
48 hours after cleaning process  0.85 
5 days after cleaning process 0.59 
8 days after cleaning process 0.59 
 
The deflection was 1.78mm for the sheets left for 1hour after cleaning, which 
indicates there was no bond between the sheets, as the deflection is similar to 
that achieved for two unclean and unbonded sheets, see Figure 5-18. 
However, leaving the assembled sheets for longer times reduced the 
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deflection. After 1, 2 and 5 days (and 8 days) the deflection values were 
decreased to 0.92mm, 0.85mm and 0.59mm respectively. This result indicates 
the effect of the cleaning and drying process, without heating, on bonding.  
5.6.2 Deflection of Preliminary Bonded Sheets 
To realise the effect of temperature in the preliminary bonding stage, samples 
were prepared by heating the wet assembled sheets at 100oC for 1hour, as 
explained in section 5.2.1.  The samples were then tested under applied cyclic 
stresses: σmin = 10MPa and σmax = 50MPa, or σmin = 20MPa and σmax = 
100MPa. Further investigations were carried out on the preliminary bonding 
stage by bonding multiple sheets, which were also deflection tested under the 
two different sets of applied stresses.  
Since no applied pressure was necessary in the preliminary bonding stage, 
cracking, due to the applied pressure, was not expected and no fractures 
were observed for preliminary bonded sheets under the above two sets of 
applied stresses. However, load-deflection curves of preliminary bonded 
sheets showed a wide range of deflections, as this stage of the bond could 
not give consistent and stable bond strength. Slippage/delaminations were 
observed at different stages of loading and took different types, e.g. 
incremental delaminations or sudden large delaminations. Most of the 
samples were exposed to obvious delaminations during the first applied stress 
cycles, and then smaller delaminations occurred under each subsequent 
cycle, or after the main delamination, the samples then gave stable deflection 
values for a high number of cycles.  
Figure 5-21 shows load-deflection curves for two preliminary bonded samples, 
prepared under similar conditions, but with different applied stresses. Figure 
5-21a shows a 20x30mm sample, under σmin = 10MPa and σmax = 50MPa. The 
figure shows that the sample resisted delamination or sudden slippage until 
0.72N (27MPa), followed by further delamination steps that occurred within 
the first cycle to σmax. In this first cycle, a total extra deflection distance of 
0.15mm took place due to these effects. Smaller slippage/delaminations 
occurred again in the next cycle of stresses, as enlarged in the figure for 
clarification. The deflection values under 10MPa and 50MPa were 0.08mm (in 
the first cycle) and 0.57mm respectively. The deflection-time curve shows that 
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the δmin values increased after each cycle. The time required for each cycle 
was approximately equal to 40 sec.  
 
 
 
Figure 5-21 Examples show deflection profiles of unstable preliminary bonded CMZ 
glass sheets. 
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Figure 5-21b shows a load-deflection curve for a sample, 10x30mm, under 
20MPa and 100MPa. The first slippage/delamination step occurred below 
20MPa, and further delaminations were observed within the first cycle of 
stress, leading to a total slippage of 0.28mm. For the next cycles of stress, no 
further delaminations occurred. The deflection values under 0.2667N (20MPa) 
and 1.334N (100MPa) were around δmin = 0.2mm and δmax = 1.2mm 
respectively. The time required for each cycle was 1.5 minutes due to the 
larger deflections caused by the higher stresses than in Figure 5-21a.  
Figure 5-21 showed that describing the highest deflection under the highest 
load, in load-deflection curves, is clear as the results were more stable over 
time, although they include a number of delamination steps. However, this 
was not the case for describing the lowest deflection. For example, Figure 5-
21a shows two deflection values under 10MPa, before delamination (0.08mm) 
and after delamination (0.23mm). The same phenomenon was repeated for 
Figure 5-21b, as the deflection values before and after delamination were 
0.2mm and 0.48mm respectively. Therefore, for this study, the δmin was 
considered from the loading part of the first cycle, i.e. before delamination, for 
use in the comparative graphs to be shown later. 
Figure 5-22 shows the deflection values for another preliminary bonded 
sample, 20x30mm, under 25MPa and 125MPa. The sheets showed 1000 
continuous cycles with deflection values equal to 0.475mm and 0.945mm 
respectively when using a 2mm/min speed of the cross head. The figure 
showed stable deflection for 1000 cycles, except for small variations as shown 
in the enlarged part. Comparing the highest deflection, 0.945mm with the 
calculated deflection (0.6mm), using Eq. 4-1, of the same dimensions of solid 
sheet, under the same applied stress, indicates that a slip of 0.345mm 
occurred in the first cycle, but is not visible within the data shown here. 
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Figure 5-22 Two preliminary bonded sheets subjected to 1000 cycles. Sheet dimension 
was 20 x 30mm. 
 
The above examples showed inconsistent deflection values, i.e. 0.57mm at 
50MPa, 1.2mm at 100MPa and 0.95mm at 125MPa, for preliminary bonded 
sheets, and indicate that the preliminary stage of bonding cannot provide 
stable and consistent results. The reason behind these differences between 
samples prepared with similar procedures, may be attributed to the 
differences in, for instance, ageing time (time before testing), which may 
cause changes in the surface chemistry and number of silanol groups on the 
surface. 
In general, the results showed that wider samples, i.e. 20mm, showed more 
slippage/delamination compared to 10mm wide samples. The reason behind 
this may be due to either the application of higher loads that are required to 
obtain the same nominal stress for the wider sheets, or to the greater 
probability of weak areas, e.g. moisture between the larger area sheets.  
Figure 5-23 summarizes the load-deflection behaviour of preliminary bonded 
sheets, including 10x30mm and 20x30mm, all with spans equal to 20mm. 
Each value shown in Figure 5-23 is the average of 2 samples except for the 
samples indicated by error bars where as many as 5 results were used. 
Moreover, Figure 5-23 also shows the calculated deflection based on Eq. 4-1: 
δ = FL3/48EI, represented by small black circles, assuming a solid material of 
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the same thickness as the laminated sheets. There was a noticeable 
difference between measured and calculated deflections.  
 
 
Figure 5-23 Deflection values of preliminary bonded sheets at 100oC for 1hr.  
 
Figure 5-23 showed non-proportionality between load and deflection. The 
main reason behind this non-proportionality was the occurrence of 
slippage/delamination between the sheets as described above. The results 
showed that increasing the number of preliminary bonded sheets did not 
cause an increase in deflection values, in contrast to the observations for 
unbonded sheets, as shown in Figure 5-18. This is an indication that heating 
helped the creation of some bonds between the surfaces. However, in 
general, all the above results showed that the preliminary bonding stage is not 
sufficient, due to the occurrence of delamination. 
5.6.3 Deflection of Permanent Bonded Sheets 
Although the deflection tests showed that the preliminary stage could provide 
some bonding of the CMZ glass sheets, this bond is unlikely to be enough for 
engineering applications. Thus, permanent bonding is necessary to 
strengthen the bonding energy. However, in terms of this bonding stage, the 
cracking of the glass sheets during the application of pressure in the clamps 
was an issue, leading to defects in the laminated structures. Although several 
precautions were taken to minimise the occurrence of cracking, as explained 
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earlier, these precautions did not always eliminate crack creation during 
bonding processing, especially when applying pressure higher than 2MPa. 
The broken pieces of the bonded sheets, prepared under high pressures, 
showed bonding at these higher pressures, but their dimensions were not 
uniform and could not be used for mechanical tests. The bonded pieces were 
used for other tests, such as thermal cycling and humidity tests, as these did 
not need uniform samples. The qualitative results and reliability tests showed 
that good bonding could be obtained at the highest temperature used in this 
study, (300oC), 1-2MPa pressure, for 24-48 hours. For this stage, sheets with 
dimensions, 10x30mm, and 20x30mm were used. In general, the smaller area 
was found to give more uniform pressure during clamping.  
5.6.3.1 Failure Due to Fracture 
Cracking was an essential issue, especially during the application of 
pressures higher than 2MPa, where samples were found to be cracked and 
failed just after releasing the clamps. As such, fatigue testing trials were 
carried out to compare the results for pressure between 1 and 2MPa. Table 5-
7 summarizes the variations in the number of cycles that caused fracture for 
the permanent bonded sheets.  
 
Table 5-7  Number of bending cycles to failure of permanent bonded sheets. 
Bonding Conditions Applied Stress 
Temperatur
e (oC) 
Pressure 
(MPa) 
Time 
(hr) 
σmin 
(MPa)  
σmax 
(MPa)  
Number of 
Cycles (N)  
200 1 24 10 50 44 (Broken) 
300 1 24 10 50 50 (Broken) 
300 2 48 10 50 50 (Broken) 
200 1 24 10 50 180 (Unfailed) 
300 2 48 10 50 3 (Broken) 
300 2 48 10 50 15 (Broken) 
200 1 24 20 100 100 (Unfailed) 
300 1 24 20 100 200 (Unfailed) 
300 2 24 20 100 7 (Broken) 
300 2 48 20 100 25 (Broken) 
 
The results showed significant variation in the number of cycles to failure for 
samples that were bonded with the same parameters indicating the presence 
of defects such as small cracks in some samples, but not others. For instance, 
applying σmin = 10MPa and σmax = 50MPa, (R = 0.2 stress ratio) on a set of 
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samples prepared by the same bonding parameters, 300oC, 2MPa, for 48 
hours, led to failures at 3, 15, and 50 cycles for some samples, while others 
had still not failed after 200 cycles. The same instability in the number of 
cycles was observed for other sets of stresses such as σmin = 20MPa and σmax 
= 100MPa; for instance, one of the samples that bonded at 300oC, under 
2MPa, for 48 hours only resisted 7 cycles, while another sample that was 
bonded under similar conditions resisted 200 cycles without fracture. 
No cracking issues were observed with preliminary bonded samples, as no 
samples fractured, for example see Figure 5-22, even when under 125MPa 
for 1000 cycles. Therefore, this can be used as an indication that defects were 
created during the application of pressure through the clamps, which 
consequently led to fracture during cycling stresses. As was shown in Figure 
5-20, the KIC value of CMZ glass is approximately equal to 0.8MPa.m0.5.  
According to equations 4-13 and 4-14, the K value for a crack of length 50µm, 
under an applied stress of 100MPa, reaches 0.4MPa.m0.5, which might 
propagate until fracture under the same stress. However, with the existence of 
a 0.2mm crack, under 100MPa, fast fracture will occur, as the K value 
exceeds the KIC of the glass.  
5.6.3.2 Failure Due to Delamination 
Slippage/delaminations in permanent bonded samples were much less 
frequent than in preliminary bonded samples, especially under early cyclic 
stresses, as delaminations were mostly observed, if they occurred, after some 
tens of cycles. This was in contrast to the preliminary bonded sheets, and 
therefore, this shows the improvement in bond strength that the permanent 
bonding stage develops.  
Figure 5-24 shows a load-deflection curve for a permanent bonded sample, of 
two sheets, 20x30mm (span equals 20mm), prepared under 1MPa, 300oC for 
24 hours. The figure shows that the sample resisted delamination under 
20MPa and 100MPa, for more than 500 cycles. The enlarged part of the figure 
gives an indication that no delamination occurred, i.e. loading-unloading 
profiles are duplicated on the same path for more than 500 cycles. The 
deflection did not increase under the cyclic loads, indicating the improvement 
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in the bond strength with reduced hysteresis loops and no 
slippage/delamination.  
 
 
Figure 5-24 Load vs. deflection diagram for two sheets permanent bonded, 20x30mm, 
under 20 and 100MPa. Span = 20mm. 
 
Figure 5-24 showed that the deflection values are about 0.1mm and 0.43mm 
under 20MPa and 100MPa respectively. These values are close to or even 
less than the calculated deflection, using Eq. 4-1, of solid glass sheet, 0.2mm 
thick, see Table 5-3 and Figure 5-18. This also indicates that there was no 
slippage/delamination in this sample. This small difference between calculated 
and measured values might be attributed to thickness variations between the 
glass sheets, or the interface layer was more rigid than the glass itself. In 
addition, this indicates that the shear component was not significant, as the 
total deflection equals that of the bending component deflection alone. 
In order to realise the role of the cycle frequency, as an estimation of the bond 
strength, the deflection-time curves of preliminary and permanent bonds 
should be compared. Figure 5-25 shows the behaviour of a permanent 
bonded sample, 3 pieces of 10x30mm sheet, under 25MPa and 125MPa. The 
deflection vs. time curve shows the frequency of the cyclic loads equal to 
approximately 1.5 cycles per minute (1 cycle every 40s). However, cycles 
applied to the less stiff preliminary bonded sheets took longer, for example 40 
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sec for each 50MPa cycle (Figure 5-21a), and 90 sec for each 100MPa cycle 
(Figure 5-21b).  
   
 
Figure 5-25 Load-deflection curves for a permanent bonded sample of 3 sheets, 
10x30mm, heated to 300oC, for 24 hours, under 1MPa, tested between 25MPa and 
125MPa. 
 
The load vs. deflection curve in Figure 5-25 shows no delamination during the 
test, and the deflection values under 25MPa and 125MPa were 0.13 and 
0.48mm respectively. The calculated deflection for solid glass (E = 70GPa), 
0.3mm thickness, under 25MPa and 125MPa bending stresses is equal to 
0.08mm and 0.39mm respectively. In this case, the total deflection was not 
equal to that of the bending deflection component alone, unlike that shown in 
Figure 5-24. This can be attributed to the effect that the number of the sheets 
may cause on the bending and shear stress values of the interlayers. For 
example, the sample with three bonded sheets has two bonded interlayers, 
i.e. larger areas are exposed to shear, compared to the sample with two 
bonded sheets, although the shear stress is not a maximum at the bonded 
interfaces for the three sheets sample whereas for 2 sheets, τmax occurs at the 
bondline. 
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In general, the above results showed that the permanent bonding stage could 
provide better resistance to delamination, compared to preliminary bonded 
samples, especially against slippage/delamination during the early cyclic 
stresses. However, this was not always the case, as delamination 
occasionally occurred. Figure 5-26 shows examples of three permanent 
bonded samples, all were two bonded sheets, 20x30mm, tested with a span 
equal to 20mm, prepared with pressure = 1MPa, temperature = 300oC and 
time = 24 hours. The samples were exposed to cyclic applied stresses σmin = 
40MPa and σmax = 80MPa (stress ratio = 0.5). Figure 5-26a shows a relatively 
steady state deflection, Figure 5-26b shows an increase of deflection with 
cyclic loading, and Figure 5-26c shows a sudden delamination after 150 
cycles.  
 
 
Figure 5-26 Deflection profile for permanent bonded samples prepared under similar 
procedures, tested under σmin = 40MPa and σmax = 80MPa   
 144 
Figure 5-27 summarizes all the deflection tests, i.e. cycling loads up to 20 
cycles or more, for samples prepared with a pressure of 1MPa. As mentioned 
above, the δmax are taken as the average deflection values at σmax for the 
considered experiments, however δmin are the deflection at σmin during the 
loading part of the first cycle. In general, the deflection values for permanent 
bonded samples were less than that of preliminary bonded sheets. 
Slippage/delaminations also occurred even for permanent samples, as shown 
by the error bars, however, the number of samples that were exposed to 
delamination was much smaller. On average, less than 20% of permanent 
bonded sheets showed clear slippage or delamination based on more than 10 
samples tested. 
 
 
Figure 5-27 Deflection values of permanent bonded sheets, heated to 300oC, for 24 
hours, under 1MPa.  
 
5.6.4 Cumulative Damage Effect 
Since substrates are exposed to a variety of loads during service, and to study 
this effect on the mechanical failure of the bonds, some preliminary and 
permanent bonded samples were tested by exposing them to a variety of 
cycles under different applied stresses. For this purpose, two sets of applied 
stresses were selected, and each set consisted of three stress stages, as 
shown in Table 5-8. The first set consisted of σmin = 5MPa with σmax = 25MPa 
(for 100 cycles), σmin = 20MPa with σmax = 100MPa (for 500 cycles) and σmin = 
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30MPa with σmax = 150MPa (until failure). The second set consisted of σmin = 
22MPa with σmax = 110MPa (for 300 cycles), σmin = 25MPa with σmax = 125MPa 
(for 400 cycles) and σmin = 30MPa with σmax = 150MPa (until failure). The 
results showed that samples, in both bonding stages, only fractured within the 
last largest applied stress condition. This means, the first condition of the 
applied stresses had no significant effects on the final stages of failure. 
Moreover, the results showed that the permanent bonded sheets showed only 
a slightly higher number of cycles than preliminary bonded sheets.  
The results shown in Table 5-8 can be compared with the results in Table 5-7 
to distinguish the reasons for the failures: due to cracking or delamination.  
 
Table 5-8 Preliminary and permanent bonded sheets under different applied stresses 
for different number of cycles, dimensions were 10 x 30mm with a span of 20mm. 
Set 
Stresses 
Stress Condition 1 Stress Condition 2 Stress Condition 3 
σ - MPa σ - MPa σ - MPa Bonded 
Stage σmin σmax 
No. of 
cycles σmin σmax 
No. of 
cycles σmin σmax 
No. of 
cycles 
Failed 
Prelimin. 5 25 100 20 100 500 30 150 15 Yes 
Prelimin. 22 110 300 25 125 400 30 150 10 Yes 
Perman. 5 25 100 20 100 500 30 150 100 Yes 
Perman. 22 110 300 25 125 400 30 150 22 Yes 
 
Table 5-7 showed that the samples failed within several cycles, e.g. 3, 7, 10, 
especially under low applied stresses, this means there were cracks already 
present (generated during the bonding procedure) before loading. However, 
the results in Table 5-8 show that the samples failed under high deflection 
values, due to applying high cyclic stress. Another witness for this conclusion 
was the type of failure. The fracture surface of the bonded sheets, presented 
in Table 5-7, showed equal edges of a broken part, similar to that of a broken 
profile of one piece, which indicates crack propagation within a bonded 
sample. However, this was not the case for the failed samples presented in 
Table 5-8, as the fracture surfaces showed the sheets did not have equal 
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edges, as one sheet was slightly longer than the other, i.e. small tips, but they 
were still bonded together. 
5.6.5 Interface Analysis 
Figure 5-28 shows scanning electron microscope (SEM) and focused ion 
beam (FIB) images of the interface between two sheets of CMZ glass at the 
permanent bond stage, after 2MPa, 300oC, for 24 hours. The samples were 
prepared by cutting (taking the cross section) by a diamond saw, and 
polished. Figure 5-28a shows an SEM image of a cross section for a sample 
cleaned with KOH solution, for comparison purposes. Figure 5-28b shows an 
SEM image for a sample cleaned by Decon 90. A sample was also prepared 
using FIB to remove the exterior damage and to highlight the bonded region. 
Figure 5-28c shows a wide view of the machined area carried out by FIB. 
Figure 5-28d shows a higher magnification FIB image of the interface 
 
 
 
Figure 5-28 CMZ glass interfaces at the permanent bonding stage, 2MPa, 300oC, for 24 
hours; a) cleaned by KOH (SEM image), b) cleaned by Decon 90 (SEM image), c) FIB 
machining to reveal the interface, d) (FIB image) cleaned by Decon. 
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Figure 5-28d showed a region of different contrast at the interface between 
the two glass sheets permanent bonded by cleaning with Decon and heated 
at 300oC for 24 hours under 2MPa. The thickness of this region is around 
25nm and appeared to be of uniform thickness. The reason for this difference 
in contrast is not known, but could be due to differences in the chemical 
composition and the microstructure between the interface and the bonded 
substrates.  
In order to study the composition of the intermediate layer and analyse 
whether diffusion mechanisms contributed to the bonding, elemental analysis 
using energy dispersive X-ray analysis (EDX) was carried out on the 
permanent bond interlayer, as shown in Figure 5-29. The sample was 
prepared in a similar way described above for taking SEM images. Analysis 
was carried out at various points across the interface, indicated by the cross 
lines on the SEM image. The figure shows one of the EDX spectra obtained, 
indicating the key elements in the glass and the Au coating that was applied 
to prevent charging during imaging. However, due to the thin interface layer in 
the permanent bonded sheets, (∼ 25nm thick) and the relatively large area 
that is analysed by the SEM beam spot (almost 10 times wider than that 
distance), the analysis did not show significant variation in the composition of 
the interlayer when compared with the matrix. Alternative techniques for 
further analysis may be applied, such as TEM, however this fell outside the 
scope, time and funding available in this research. Meanwhile, there are likely 
to be many challenges in using TEM, especially for such thin and fragile 
materials. 
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Figure 5-29 SEM analysis of permanent bonded sheets. 
 
5.7 Crack Opening Test  
The main criterion for this test is calculating the strain energy of the bonds by 
measuring the delaminated distance after insertion of a sharp blade, as 
explained in section 4.4.4: height of the blade (2z = 2mm) and thickness of 
single glass sheet (t) = 0.1mm, see Figure 4-12. Table 5-9 shows the crack 
opening test results obtained for different bonding stages, each value is an 
average of two samples, from which GIC and KIC were calculated using 
equations 4-16 and 4-17 respectively. The equation for plain stress was used 
to calculate K, due to small thickness of the samples [60, 65]. 
The results showed that the cleaning process alone can provide some bond 
strength, although it is weak. Meanwhile, the delamination distances of 
permanent bonded sheets, under 1MPa, were generally shorter than that of 
the preliminary bonded sheets. On the other hand, this test was used to 
consider the effect of applied pressure within permanent bonded sheets on 
the crack opening test: specifically, measuring the delaminated distances of 
the bonded sheets was used as a criterion for assessment. The bonded 
sheets with a 1MPa applied pressure could be measured, however, with a 
2MPa applied pressure, this measurement was impossible during insertion of 
the blade between the sheets, as the sample broke into small pieces and 
chipped during insertion of the blade between the sheets, but did not 
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delaminate. This phenomenon can be attributed to the higher bond strength 
achieved with the higher applied pressure. 
 
Table 5-9 Determination of GIC and KIC values through crack opening test. 
Delamination 
length -L (mm) 
Bonding 
Stage 
Bonding 
Conditions 
Sample 
Dim. 
(mm) 1st  2nd  Avg. 
GIC 
(N/m) 
KIC 
(MPa.m0.5) 
Cleaned 1 month after 
cleaning 
30x20 10 12 11 1.7 0.35 
Preliminary 100oC, (Vac 
Oven) for 1 hr 
30x20 8 8 8 6.4 0.67 
Preliminary 100oC, (Vac 
Oven) for 1 hr 
40x20 8 8 8 6.4 0.67 
Preliminary 100oC, (Vac 
Oven) for 1 hr 
30x10 7 8 7.5 8.3 0.76 
Permanent 1MPa, 24hrs, 
300oC 
30x10 7.2 8 7.6 7.7 0.742 
Permanent 1MPa, 24hrs, 
300oC 
40x20 6.4 5.8 6.2 17.7 1.11 
Permanent 2MPa, 24hrs, 
300oC 
30x10 n.a. Fragile 
Permanent 2MPa, 24hrs, 
300oC 
40x20 n.a. Fragile 
 
 
The KIC values of the interlayers that were determined through delamination 
distances and GIC values were reasonable compared with the fracture 
toughness of glass materials, see Figure 5-20. An average KIC value of one of 
the permanent bonded samples, under 1MPa, was 0.74MPa.m0.5, which is 
quite similar to that of CMZ glass (0.78MPa.m0.5). However, an average value 
of another sample, prepared under the same conditions, had higher KIC 
(1.11MPa.m0.5), than that of CMZ glass. This may be attributed to inaccuracy 
of the L measurements, as it depends on visual estimations. Therefore, in 
case the L values are not taken accurately, this will affect GIC values in Eq. 4-
16, especially L is raised to power 4, i.e. a small mistake shows a large effect. 
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5.8 Humidity and Thermal Cycling Tests 
In order to further evaluate permanent bonded sheets humidity and thermal 
cycling tests were used. The humidity test 85oC/85% RH was carried out on 
bonded sheets for 200 hours. Thermal cycles were also carried out for the 
bonded samples (1MPa, 300oC and 24 hours) for 200 cycles over 20 days. 
The thermal cycle ranged between 125oC and -40oC, as shown in Figure 4-6. 
The optical inspection for both tests showed that all bonded sheets did not 
delaminate, or break. Determining quantitative changes was difficult, because, 
for example, applying a deflection test to the bonded sheets to evaluate them 
before thermal cycling and humidity testing might have damaged the samples 
thereby affecting the subsequent test. To obtain an accurate quantitative 
estimation would need a higher number of samples, and the application of 
statistical approaches. However, due to the time consuming nature of the 
sample preparation, this was not possible.   
   
5.9 Summary 
PALTB was investigated for the glass lamination process. The main 
parameters that affected the bonding were cleaning, heating and applying 
pressure. Two main process routes were developed and equipment 
established to apply pressure during heating. The investigations showed that 
the deflection values of assembled cleaned sheets decreased with increasing 
storage time at room temperature which is an indication of changes in 
interactions after cleaning. Slippage/delaminations were observed on the 
load-deflection profiles of preliminary and permanent bonded sheets, however 
this phenomenon was more obvious with preliminary bonds. Deflection values 
and crack opening distances of permanent bonded sheets were less than the 
preliminary bonded sheets indicating better bond strength. Humidity and 
thermal cycling tests showed no delamination or fracture for permanent 
bonded sheets, which is an indication of their resistance to environmental 
effects. 
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CHAPTER SIX 
 
6 WATER GLASS BONDING 
This chapter explains the second bonding method that was used in this study, 
namely water glass bonding. The main advantages of bonding by using water 
glass are the low temperature with no applied pressure, together with the 
ability to fill small gaps or other defects between the slides, while the chemical 
composition of the intermediate material is similar to glass [54]. However, as 
this method was a new area of research, much effort was devoted to 
developing procedures, especially the combination between the dilution rate 
and the required temperature to bond the sheets. In this chapter the materials, 
bonding procedures, bonding requirements and results are presented.  
 
6.1 Materials and Methodology 
Similar to PALTB, the feasibility of bonding by water glass has been 
investigated only by a few researchers. Therefore, achieving successful 
bonding required the establishment of suitable procedures. For example, 
estimating the appropriate amount of water glass needed for bonding, the 
effect of dilution and the required temperature to solidify the water glass. 
Therefore, several iterative stages of investigation were followed.  
In this study, water glass, type Sodium Trisilicate, Na2Si3O7 solution in water, 
(SiO2 = 27wt%, Na2O = 10.6wt%), supplied by Sigma Aldrich, density (ρ) = 
1.9g/cm3, was used as an intermediate material for lamination of the CMZ 
glass sheets of 100µm thickness.  
Figure 6-1 shows a flow chart of the main steps and processes that were 
applied to achieve appropriate bonds by water glass. There are similarities 
with PALTB in most of the steps, for example, the sheets needed cleaning 
and drying. The same cleaning procedure as applied for PALTB was used 
with cleaning and drying processes carried out in a clean-room of Class 
10000. For drying, the cleaned sheets were held vertically within a stainless 
steel plate, which had suitable slots to support the specimens.  
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Figure 6-1 General steps for water glass bonding. 
 
After cleaning and drying the sheets, water glass drops, of different sizes, 
were dispersed in the middle of one CMZ glass sheet, as shown in Figure 6-2. 
The required volume of the droplets was controlled by using a pipettor 
(Labsystems 4500) which could control the drop volumes between 2.5 - 50µl. 
The pipettor was checked by adding a known number of droplets of DI water 
from the pipettor to a scaled beaker, which was weighed, and the results 
showed a consistent density. The shape of the droplet on the glass surface 
depended on the dilution rate, as in highly diluted water glass solutions, the 
droplet spread over the glass sheet by itself, while in undiluted solutions, the 
droplets adopted semicircular shapes (higher contact angles). The second 
sheet was then placed on top to align the edges of the two sheets. Careful 
and precise attempts, by hands and normal vision, were carried out to align 
these sheets. 
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Figure 6-2 Water glass spreading arrangements. 
 
The bonding itself was processed by two stages, preliminary and permanent 
bonding. Preliminary bonding was carried out by first placing the assembled 
cleaned sheets in a vacuum oven at room temperature for 15 minutes at a 
vacuum between 74-76cm Hg, i.e. a maximum pressure inside the oven of 
2660Pa. They were then heated to 100oC and then left at 100oC for 1hr inside 
the vacuum oven. Permanent bonding was carried out by heating these pre-
laminated sheets to higher temperatures, mainly to 200oC and 300oC, for 2-3 
hours in a convection oven. Finally, to assess the bond strength, the bonded 
sheets were exposed to mechanical and reliability tests. 
 
6.2 Bonding Process Development 
6.2.1 Cleaning Process 
In addition to paying attention to the cleanliness of the room in which the 
bonding experiment was carried out, some investigators [51-53, 110] found 
that cleaning always has advantages on bonding, with or without using 
intermediate materials, as it provides a hydrophilic property to the surface. In 
order to examine the effect of cleaning on bond strength, two sets of bonded 
samples, 20x30mm of cleaned and uncleaned glass, were prepared using 
various amounts of undiluted water glass, and then left for two weeks at room 
temperature, without heat treatment or vacuum exposure. Figure 6-3 shows 
the deflection values under 10 and 50MPa. The δmax is the average of 10 
cycles to 50MPa of applied stress, while δmin is the deflection value during 
loading up to 10MPa in the first cycle of stress.  
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Figure 6-3 Effect of cleaning and the amount of water glass on deflection, under 10MPa 
and 50MPa, after leaving for two weeks at room temperature. 
 
The results showed only small differences between the δmin for different 
amounts of the water glass, however the δmax values showed more significant  
differences, as decreasing the amount of water glass gave higher values. 
Furthermore, the results showed that there is a difference between the 
deflection for cleaned and uncleaned samples. The cleaning process provides 
hydrophilic surfaces which can assist the spreading of water glass drops over 
wider areas. In comparison, the unclean surfaces are likely to restrict 
spreading of the water glass, which was noticeable for the lowest volume 
used here that led to higher δmax. Therefore, to equalise and fix the variables 
that may affect bond strength, the same cleaning solution and procedures 
used for PALTB, were repeated for water glass bonding in all experiments. 
However, in terms of drying, since there is an intermediate layer of water 
glass between the cleaned glass sheets, the same concerns regarding debris 
did not apply as much as for the glass sheets in PALTB.  
6.2.2 Effect of Dilution and Temperature 
Initial trials used a known amount of undiluted water glass spread over a 
specific surface area. The investigations showed that dilution had a noticeable 
effect on avoiding phase separation, cracks and bubbles, in the water glass 
bonding layer during heating. Better results were obtained when the thickness 
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of the water glass was thinner, i.e. diluted to have less sodium silicate, lower 
viscosity and more ability to spread [51]. Qualitative analysis of the bonded 
sheets showed that there was a relationship between the permanent bonding 
temperature and concentration of the water glass. For example, Figure 6-4a 
shows distortion and opaque regions for sheets bonded at 200oC using 
undiluted water glass, while Figure 6-4b shows a sound bond at higher 
temperature, e.g. 300oC, when diluted water glass was used.  
 
 
a                                                                      b 
Figure 6-4 Temperature-dilution effects on the soundness of water glass bonding, 
20x60mm samples (a) undiluted water glass at 200oC (b) diluted x10, at 300oC. 
 
The qualitative results showed that in order to achieve a homogeneous bond, 
the relation between water glass concentration (dilution rate), layer thickness 
and heating temperature must be taken into consideration. High 
concentrations usually provided thick layers, due to the greater quantities of 
Na2Si3O7 and higher viscosity such that it was more difficult to spread out over 
the surfaces. Further investigations were carried out to study the possibility of 
bubbles and micro-cracks during dehydration or solidification of large amounts 
of water glass. Figure 6-5 shows a cross section prepared by FIB of an 
undiluted water glass droplet, dried on a sheet of glass and heated to 200oC, 
for 2 hours. The image clearly shows the presence of imperfections, e.g. 
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bubbles and voids, inside the drop. These types of imperfections could 
accelerate fracture under cyclic stresses, as they can act as stress raisers.  
 
 
Figure 6-5 Solidification defects in an undiluted water glass drop heated at 200oC for 2 
hours. 
 
Therefore, in order to achieve good quality bonds, the rate of dilution, the 
amount of water glass covering the CMZ glass sheets and the heating 
temperature were optimised. Different dilution rates were prepared by adding 
deionised (DI) water to the as received water glass. To begin with, the same 
amount of DI water was added to undiluted water glass, and for simplicity 
defined as x1 dilution, then other dilution rates were selected, such as double 
the amount of DI water (x2), triple (x3), and so on. Known amounts of these 
solutions were then taken to cover different areas of glass, 125, 100, 90, 80, 
70, 60, 50, 40, 30mm2. The minimum amount the pipettor was able to supply 
was 2.5µl. 
In order to find a compromise between the above variables, different dilution 
rates and quantities covering a specified glass area were prepared and 
heated at different temperatures. Figure 6-6 shows the temperature and 
dilution effects on the appearance of the bond for single stage bonding. 
Distortion and opaque aspects, as shown in Figure 6-4, were used to assess 
the soundness of the bonds. The figure shows a range of heating 
temperatures for each dilution rate; above those limits the possibility for 
achieving sound bonds was uncertain. In general, the temperature used 
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should be reduced with increasing quantity of water glass and concentration. 
After many trials, the investigations showed that a drop size of 1µl over 
50mm2, with x10 dilution, i.e. 10:1 DI water : undiluted water glass, (defined in 
this study by x10), gave consistent results. This amount was used for the 
majority of the remaining experiments. Meanwhile, in order to demonstrate the 
importance of water glass, even after dilution, the same amount of pure water, 
i.e. without water glass, was used in similar procedures and the investigations 
showed no bonding at all between the sheets. 
 
 
Figure 6-6 Effect of single stage bonding temperature and dilution on the quality of the 
bond layer. 
 
6.3 Bonding Routes  
6.3.1  Bonding in One Stage 
To finalise the whole procedure and understand water glass bonding 
requirements, several initial tests were carried out. Two initial tests are 
described below which were drying of the water glass between the sheets at 
room temperature and drying by heating in one step. For these tests, the 
samples were cleaned according to the standard process mentioned in Figure 
6-1. 
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In order to realise the possibility of bonding at room temperature, samples 
were prepared with undiluted water glass and left for different periods, up to 
one month, after which they were subjected to mechanical tests. Figure 6-7 
shows that the deflection values of the bonded sheets decreased with storage 
time, such that the sample after 30 days of drying provided a deflection less 
than 50% of that achieved for the first day.  
As described in section 3.3.2.4, the water glass acts as a binder through one 
of the mechanisms of dehydration, polymerization and precipitation, either by 
leaving it at room temperature or it can be accelerated by applying heat. As 
such, the reason behind reducing the deflection values with the drying time is 
attributed to increasing the stiffness (the shear modulus-G) of the water glass 
when it is transferred from the liquid state to the solid state. Increasing the G 
values of the interlayer leads to the better resistance to slippage, 
consequently less deflection. 
 
 
Figure 6-7 Effect of drying at room temperature on deflection values. Sample 
dimensions were 20x30mm. 
 
On the other hand, Table 6-1 shows the effect of dilution rate on the deflection 
values of water glass bonded sheets that were not heated, but left at room 
temperature for different periods. The results showed that the dilution rate 
equal to (x10) gave the lowest deflection values, 0.88mm, after 6 days, which 
was almost equal to the deflection value of the bonded sheets achieved by 
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undiluted water glass when left for one month. This was in agreement with the 
earlier results that the same rate of dilution, i.e. (x10) also gave better results 
when optimising between dilution rate, heating temperature and the amount of 
water glass needed to spread out and cover the surface area.  
Figure 6-8 shows a load vs. deflection curve for a sample, 20x30mm, bonded 
using x10 dilution rate and left for 5 days at room temperature. The deflection 
values for this sample under 10MPa and 50MPa were 0.1mm and 0.5mm 
respectively. The figure showed clear slippage/delamination steps within the 
first few cyclic loads. The deflection values of a similar dimension of a solid 
glass and two unbonded sheets, under 50MPa, were equal to 0.23mm and 
1.1mm respectively (see Figure 5-18). This means, the deflection value of 
Figure 6-8 was located between the completely solid and completely 
unbonded sheets. 
 
Table 6-1 Deflection values of bonded sheets using 1µ l/50mm2 for different dilution 
rates under σmax = 100MPa. Sheet dimensions were 20x30mm. 
Dilution 
Rate 
Storage time 
after assembly 
Deflection 
(δ) mm 
After 4hrs 2.06 
After 1 day  1.30 
X3 
After 5 days 1.10 
After 1 day 1.78 
After 3 days 1.29 
X5 
After 9 days 0.96 
After 6 days 0.88 X10  
After 12 days 0.88 
After 3 days 0.95 X20 
After 5 days 0.93 
 
Comparing the deflection values in Table 6-1 and Figure 6-7 with deflections 
of a solid glass sheet and unbonded glass sheets, see Table 5-3 and Figure 
5-18, for similar dimensions and under the same applied stresses, gives an 
indication that these samples provided some bonds, as their deflection values 
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reduced with storage time, but at the same time it seems they were exposed 
to substantial slippage/delamination, as their measured deflections were 
between those of unbonded and solid sheets. For example, the lowest 
deflection was 0.88mm under 100MPa, while the calculated deflection is 
expected to be 0.475mm. 
 
 
Figure 6-8 Water glass bonded sheets, x10 dilution, left at room temperature for 5 days.  
 
This means that leaving the samples for relatively long periods, i.e. 1 month, 
was not enough to dehydrate and solidify the water glass between the sheets. 
Meanwhile, being left for such a long period would not coincide with the 
requirements of the manufacturers. Therefore, heating was considered as a 
main factor for this study to accelerate the evaporation of moisture and 
enhance the bonding. 
As a first step, bonding experiments with one stage heating in a convection 
oven were undertaken. The process started by cleaning CMZ glass sheets, 
then placing the appropriate amount of water glass, either undiluted or diluted, 
followed by assembly of the sheets, then heating to temperatures higher than 
100oC at a heating rate of 6oC/min, and then leaving at this temperature for 
several hours.  
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The observations showed that heating to high temperatures directly after 
assembly led to spoiling of more than half of the samples by the lifting off of 
the small glass covers. The reason behind this phenomenon was attributed to 
the moisture in the water glass material boiling at temperatures higher than 
100oC with no escape path for the water vapour such that the gas bubbles 
lifted the glass. Samples that survived were cyclic tested, however, as can be 
seen in Table 6-2 no samples resisted a reasonable number of cyclic 
stresses, especially under 100MPa. Failure occurred by fracture, rarely visible 
delamination. The results showed nonlinearity between the deflection that 
occurred under 50MPa with that under 100MPa indicating that  
slippage/delamination happened even before 50MPa. The low resistance of 
these samples to a high number of cyclic stresses can be attributed to either 
non-planarity of the water glass layer, due to the absence of any applied 
pressure which led to unbonded areas, or to cracking of the intermediate layer 
due to unsatisfactory heating of the moist water glass, especially when the 
heating rate was 6oC/min.  
 
Table 6-2 Results of initial bonding tests under different conditions. 
Bonding Condition Applied Stress 
(σ) MPa 
Deflection 
(δ) mm 
Number of 
Cycles to 
Failure  
Diluted x10, at 
100oC, for 1hr 
100 1.076 1 
Diluted x10, at 
200oC, for 20hr 
50 0.833 20 Unfractured 
Diluted x10, at 
200oC, for 20hr 
100 1.120 1 
Diluted x20, at 
200oC, for 3hr 
50 0.801 20 Unfractured 
Diluted x20, at 
100oC, for 1hr 
100 1.106 10 
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Comparison between the results obtained in Tables 6-1 and 6-2 gives an 
indication that heating at 100oC or 200oC had a direct effect on the behaviour 
of the samples. The samples that were left at room temperature, Table 6-1, 
did not fail (fracture) when they were exposed to 100MPa. While Table 6-2 
showed that the samples were exposed to fracture under the same applied 
stress. Table 6-2 showed that the samples that were exposed to 50MPa did 
not fracture, however their deflection values show they were exposed to 
slippage/delamination. Under 100MPa, the samples were exposed to fracture 
and the samples rarely resisted more than 10 cycles.  
6.3.2 Bonding in Two Stages 
Several procedures were applied to realise the best way to obtain a uniform 
and planar water glass layer and high bond strength. Figure 6-1 shows this 
method consisted of three stages: first, in order to withdraw the moisture, and 
to try to achieve planar surfaces, the samples were left in a vacuum oven for 
15 minutes without heating. The reason for using this step was that, 
sometimes, especially when the drying process was incomplete, a small 
amount of remaining moisture within the bonded sheets led to delamination, 
due to the creation of a vapour pressure. Therefore, in order to eliminate this 
risk, an initial step, i.e. leaving the samples under vacuum in the oven, for 15 
minutes without heating, was carried out to withdraw moisture at a lower rate 
from the sheets to achieve planar surfaces.  
Heating was then started in the vacuum oven for 1hr at 100oC. The samples 
were first heated at a rate of 1.5oC/min, and once at 100oC were left for 1 hr.  
After that the sheets were left to be cooled inside the oven. At this stage, the 
bonded sheets are referred to as preliminary bonded. For the permanent bond 
stage, the preliminary bonded sheets were heated again to a higher 
temperature and subjected to a longer time in convection ovens. Various 
temperatures (200-400oC) and periods of time (2-5 hours) were applied. A few 
samples were prepared at higher temperatures, for comparison purposes, 
however, since using low temperature-bonding methods was a primary aim of 
this study, the main experiments were carried out under 200-300oC. 
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6.4 Results 
In order to evaluate the strength of water glass bonded sheets, the same 
mechanical and reliability tests as used for PALTB were employed. In terms of 
cyclic tests, each value given is the average of the number of cycles that 
caused failure, under the specific stresses and most of the tests were 
repeated two times on different samples. To realise the bond strength at each 
stage, the crack-opening test was also carried out on bonded sheets for 
different conditions. Finally, thermal cycling and humidity tests were also 
carried out. 
6.4.1 Cyclic Deflection Test 
6.4.1.1 Deflection of Preliminary Bonded Sheets  
Figure 6-9 shows the cyclic test profile of two preliminary bonded samples 
prepared by using x10 dilution, heated in a vacuum oven at 100oC, for 1hour. 
Figures 6-9a and 6-9b show the behaviour of samples consisting of 2 and 4 
bonded sheets respectively. The samples were exposed to cyclic stresses σmin 
= 10MPa and σmax = 50MPa.  
Although the samples did not fail up to a relatively high number of cycles, 
clear instability was shown in the deflection with increasing number of cycles. 
Figure 6-9a shows that delamination occurred such that the deflection at σmax 
increased from 0.6mm in the first few cycles to more than 0.7mm after 500 
cycles. Figure 6-9b shows a more detailed view of the loading-unloading cycle 
for four sheets and shows an increase in the deflection value, which is an 
indication of an unstable bond. 
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Figure 6-9 Cyclic test for preliminary bonded sheets, 10x30mm, with dilution rate x10, 
under σmin = 10MPa and  σmax = 50MPa, a- 2 sheets, b- 4 sheets. 
 
Table 6-3 summarizes the deflection values of preliminary bonded samples of 
two different dimensions, 10x30mm and 20x30mm, under the two sets of 
cyclic stresses used in this study, i.e. σmin = 10MPa and σmax = 50MPa,  σmin = 
20MPa  and σmax = 100MPa. Each δmax is the average of 10 cycles of σmax, 
while δmin is the deflection value during loading up to σmin in the first cycle of 
stress. Each deflection value is the average of two separate samples. In 
general, the results showed that preliminary bonded samples are exposed to 
slippage/delamination, as their deflection values are almost 50% higher than 
the deflection expected for the similar dimension of solid glass under the 
same applied stresses. Furthermore, the results showed that the wider 
 165 
samples, i.e. 20mm, were exposed to higher deflections than the samples of 
10mm width for the same nominal stress. 
 
Table 6-3 Deflection of preliminary bonded sheets, using 1µ l/50mm2. 
Preliminary Water Glass Bonded Sheets, 10x30mm 
Load -F 
(N) 
Span - L    
(mm) 
Mmax 
(N.mm) 
Height -  h 
(mm) 
Width  - b 
(mm) 
I (mm4) σ 
(MPa) 
δ 
(mm) 
0.133 20 0.67 0.2 10 0.0066 10.0 0.13 
0.667 20 3.34 0.2 10 0.0066 50.0 0.44 
0.267 20 1.33 0.2 10 0.0066 20.0 0.27 
1.334 20 6.67 0.2 10 0.0066 100.0 0.85 
Preliminary Water Glass Bonded Sheets, 20x30 mm 
Load -F 
(N) 
Span - L 
(mm) 
Mmax 
(N.mm) 
Height -  h 
(mm) 
Width  - b 
(mm) 
I (mm4) σ 
(MPa) 
δ 
(mm) 
0.267 20 1.33 0.2 20 0.0133 10.0 0.1 
1.334 20 6.67 0.2 20 0.0133 50.0 0.51 
0.533 20 2.67 0.2 20 0.0133 20.0 0.28 
2.667 20 13.34 0.2 20 0.0133 100.0 1.11 
 
 
6.4.1.2 Deflection of Permanent Bonded Sheets 
In order to assess the effect of temperature on the bond strength, samples 
were prepared by heating preliminary bonded sheets to different 
temperatures. Table 6-4 shows the results for permanent bonded sheets, with 
x10, and x20 dilution rates, at different oven temperatures and periods. The 
deflection values and number of cycles to failure represent the average of two 
or more tests. The dimensions of the sheets used for these experiments were 
30x20mm with a span of 20mm.  
In general, the results showed that the sheets bonded with a dilution rate of 
x10 or x20, had less resistance to fracture, compared with the PALTB method, 
under the same applied stresses, as the samples were fractured after only a 
few cycles. Therefore, in order to characterize the bond strength, compared 
with PALTB samples, lower values of applied stress were used, σmin = 10MPa 
and σmax = 50MPa, and applied to bonded sheets assembled using x10 
dilution rate. The samples were prepared according to the standard method, 
and then some were heated at 200oC for 2 hours. 
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Table 6-4 Deflection values of bonded sheets at different conditions, 1µ l/50mm2.  
Applied Stress 
- σ (MPa) 
Deflection, δ 
(avg.) mm 
Bonding 
conditions/after 
preliminary stage σmin σmax δmin  δmax  
No. of  
Cycles (N) to 
Failure 
X10, 200oC, 3hrs 20 100 0.24 0.913 5 
X10, 200oC, 5hrs 20 100 0.21 0.904 3 
X10, 200oC, 20hrs 20 100 0.22 0.949 2 
X10, 300oC, 3hrs 20 100 0.23 0.876 6 
X10, 300oC, 5hrs 20 100 0.20 0.902 2 
X10, 400oC, 3hrs 20 100 0.27 0.834 6 
X20, 200oC, 3hrs 20 100 0.25 0.901 5 
X20, 200oC, 5hrs 20 100 0.20 0.935 3 
X20, 200oC, 20hrs 20 100 0.21 0.930 3 
X20, 300oC, 3hrs 20 100 0.22 0.831 1* 
X20, 300oC, 5hrs 20 100 0.20 0.853 1* 
* Did not reach 100MPa before failure 
 
Figure 6-10 shows permanent bonded sheets under 10MPa and 50MPa. The 
load vs. deflection curve showed that the deflection values under 10MPa and 
50MPa were 0.08mm and 0.33mm respectively. Also, the figure shows that 
there was no delamination occurring as the deflections for σmin and σmax were 
constant and the loading-unloading cycles followed almost the same line (see 
the enlarged part). Since the same dimension of solid glass under 50MPa is 
expected to give 0.23mm deflection, (see Table 5-3 and Figure 5-18), the 
difference with this sample equals 0.1mm. Because Figure 6-10 does not 
show sudden steps of delamination, and the minimum and maximum 
deflection values are almost the same within the 30 cycles test, this amount of 
difference, i.e. 0.1mm, between the calculated and measured deflection can 
reflect the stiffness effect of the water glass on the total deflection amount. 
The deflection vs. time curve also showed the frequency of the cycles: each 
cycle needed more than 30sec for 50MPa. Compared to that in Figure 5-25, 
for permanent PALTB bonded sheets where there were 2cycles/min for 
125MPa, the water glass can be seen to have less rigidity than PALTB. 
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Figure 6-10 Load vs. deflection curve of permanent bonded sample, 2 sheets, 10mm x 
30mm, span = 20mm, under the cyclic stress of 10MPa and 50MPa.  
 
Because the above results showed that permanent water glass bonded 
samples could not resist 100MPa, either due to delamination or fracture, 
samples of multilayers were prepared and exposed to lower applied stresses. 
Table 6-5 shows the deflection values of permanent bonded samples that 
consisted of more than 2 sheets under σmax = 50MPa or less. The results 
showed that the deflection values decreased with increasing number of 
sheets, under the same applied stress. Overall, the results indicated that 
heating up to 200oC was an appropriate temperature to dehydrate the water 
glass and form a permanent bond. 
 
Table 6-5 Deflection values of bonded sheets, x10 dilution, 1µ l/50mm2. Sheet 
dimensions were 10 x 30mm.  Span = 20mm. 
Applied Stress- 
σ (MPa) 
Deflection-  
δ (mm) 
Number of 
bonded 
sheets σmin σmax δmin δmax 
No. of  
Cycles (N) 
3 10 50 0.28 0.62 10 
3 10 40 0.17 0.55 10 
5 10 40 0.14 0.30 10 
5 10 40 0.14 0.25 10 
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6.4.2 Water Glass Interface Layer 
Preparation of appropriate cross-sections through water glass bonded 
samples was problematic. Different preparation processes were trialled, such 
as cutting by diamond saw, or breaking the sample by hand, then polishing, 
with or without mounting. However, many of these approaches were 
unsuccessful due to the fragile behaviour of glass, its small thickness and 
possibility of interaction of the water glass with lubricants and water. After 
several attempts, it was found that using a dry preparation method i.e. 
sectioning without any lubricant or moisture and without potting the sample 
gave a better cross-section as shown in Figure 6-11. This shows a cross-
section through three sheets permanent bonded with water glass, for x10 
dilution rate, and 1µl/50mm2, heated at 200oC for 2 hours. The cross section 
was prepared by cutting the sample with a diamond saw, without lubricant, 
and then exposed to polishing using dry SiC paper only. The figure showed 
the interlayer thicknesses varied within one layer, and from one layer to 
another, as the thicknesses were approximately equal to 2-3µm and 4-6µm.  
 
 
Figure 6-11 SEM image of a cross-section through permanent water glass bonded 
sheets (dilution rate x10 and 1µ l/50mm2). 
 
This difference between layers may be due to different reasons, for example: 
variations in planarity of the glass sheets, uneven spreading out of the water 
glass solution over the glass surface that may also be affected by the 
placement of a number of glass sheets over each other squeezing the water 
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glass layer, and holding and transferring the assembled sheets before heating 
might provide different amounts of pressure. In addition, the difficulties in 
preparing the cross sections mentioned above may have affected the results. 
6.4.3 Crack Opening Test 
The crack opening test was used to evaluate the bond strength of water glass 
bonded sheets. All the sheets had the same dimensions, 30 x 20mm, with E = 
70GPa. Table 6-6 shows the results, based on Equations 4-16 and 4-17, to 
determine the strain energy release rate (GIC) and KIC respectively, using 
crack opening distances of the samples. The bonded glass sheets were 
prepared with three different temperatures and times. The results showed that 
increasing the heating time from 3 hours to 5 hours, at 200oC, increases the 
KIC from 1.15MPa.m0.5 to 1.41MPa.m0.5. This fact was repeated at 400oC, 
however smaller changes occurred at 300oC. Overall, the results showed the 
KIC values were between 1MPa.m0.5 and 1.5MPa.m0.5. These values are 
slightly higher than that of the CMZ glass determined earlier. 
 
Table 6-6 GIC and K determination through crack opening test. 
 
Permanent 
Bonding  Condition 
Crack Length,  
L (m) 
GIC 
(N/m) 
KIC 
(MPa.m0.5) 
200oC/ 3hrs  0.0061 18.96 1.15 
200oC/ 4hrs 0.0060 20.25 1.19 
200oC/ 5hrs 0.0055 28.69 1.41 
300oC/ 3hrs 0.0069 11.58 0.90 
300oC/ 4hrs 0.0065 14.71 1.01 
300oC/ 5hrs 0.0060 20.25 1.19 
400oC/ 3hrs 0.0065 14.71 1.01 
400oC/ 4hrs 0.0055 28.69 1.41 
400oC/ 5hrs 0.0054 30.87 1.47 
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6.4.4 Humidity and Thermal Cycling Tests 
Thermal cycling tests were used as accelerated tests to evaluate the 
appearance and the resistance of the bonds to environmental situations. The 
tests were carried out on one stage bonded sheets, assembled with different 
dilution rates and temperatures, and standard two stage bonded sheets. 
Samples were only assessed by qualitative observations. In terms of single 
stage bonded samples, the investigations showed that although there was no 
delamination, or breaks, the sheets bonded without dilution were prone to 
optical distortion and craters. This phenomenon was similar to that shown in 
Figure 6-4, which led to a decrease in transparency. The same phenomenon 
occurred with bonded samples with x5 or less dilution rates, heated to higher 
than 300oC. This phenomenon did not occur for sheets bonded with high 
dilution rates of x10 and x20 and less amounts of water glass.  
Figure 6-12a shows a bonded sample with x5 dilution rate exposed to thermal 
cycling. Leaf like patterns are observed, which lead to the opaque 
phenomenon. Figure 6-12b shows a cross section of the sample through 
these leaf like patterns. A part of the cross section shows sound bonds while 
other parts show flake-like shapes, oriented in different directions, which might 
be the regions with leaf-like patterns.  
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Figure 6-12 Opaque aspects observed after thermal cycling of bonded sheets 
assembled with undiluted water glass.  
 
Both humidity and thermal cycling tests were carried out for sheets bonded 
according to the standard two stage bonding method, at different dilution rates 
and temperatures. In terms of the humidity test, the investigations showed that 
no delamination, breaks, or opaque phenomena appeared on bonded sheets 
with dilution rates over x10 and x20 at all bonding temperatures. The same 
observations were apparent with thermal cycling tests, except that a little 
opacity occurred due to small opaque spots appearing between the sheets 
bonded with dilution rates of x5, or less, assembled and dried at temperatures 
higher than 300oC. Each sample consisted of one to four opaque regions, with 
different sizes, e.g. 10mm to 30mm, distributed far from each other randomly, 
either almost in contact with each other or far from each other. Their 
appearances were either solid, i.e. no more details could be seen inside the 
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opaque region, as shown in Figure 6-4, as the craters were dense, or with 
less density as shown in Figure 6-12.  
 
6.5 Summary  
Water glass bonding was the second method chosen in this study for glass 
lamination. In general, the results showed the feasibility of this type of 
bonding, however, special precautions and procedures were necessary to 
succeed in bonding. Optimising the dilution rate, solution amount, heating 
temperature and heating rate was necessary. The investigations showed that 
the permanent bonding stage led to samples with little or no slippage / 
delamination in deflection tests, but also led to reduced fracture toughness 
indicating the presence of cracks and other stress raisers. 
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CHAPTER SEVEN 
 
7 DISCUSSION 
This chapter presents the reasons for applying the particular mechanical tests 
used in this study and discusses the validity of these tests for application to 
the bonded substrates. The chapter then discusses the results obtained and 
relates these to the mechanisms that were developed in each step for PALTB 
and water glass bonding. Finally, a comparison between PALTB and water 
glass bonding is shown and the application of the techniques to glass 
substrate fabrication is demonstrated. 
 
7.1 Test Selection 
The selection of a suitable test to evaluate bond strength is important, 
because using inappropriate tests might lead to uncertainty in the results. It is 
also preferable to use more than one test to obtain information for concurrent 
interpretation of the results. Accordingly, this study used several tests: dye 
penetrant, visual inspection, deflection under cyclic stresses, crack opening 
test, humidity and thermal cycling.  
Qualitative tests, such as dye penetrant and visual inspections, were used to 
evaluate the quality of the bonds. The dye penetrant method was used as an 
assessment for route A in PALTB. Together with visual inspection, this 
assessment led to the identification of two-stage bonding as a preferred 
method. Dye penetrant was also used in the crack opening tests. For water 
glass bonding, visual inspections with and without magnification were used to 
highlight any opaque areas between the bonded sheets, and using this rapid 
assessment for the bonds led to a relation between the dilution rate and 
bonding temperature.  
Quantitative tests were used to determine the relative strength of the bonds 
between sheets. The deflection under cyclic loading test was used to evaluate 
the strength of the bonded areas and consequently was used as an indication 
of the stiffness of the interlayers. A crack opening test was used to evaluate 
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the strength of the bonds to delamination, using direct force applied between 
the sheets.  
 
7.2 Deflection Test 
Since the glass sheets used in this study were thin, and glass is a fragile 
material, it was difficult to use direct shear tests to assess adhesion, as 
clamping and pulling the sheets was almost impossible. Accordingly, in order 
to estimate the strength of the bonded sheets, generating tensile and shear 
stresses via the application of a bending moment was found to be a suitable 
method.  
Figure 7-1 shows a cross section and the anticipated stress distribution for 
two bonded sheets, which leads to maximum bending stresses (σmax) at the 
upper and lower surfaces, with maximum shear stresses (τmax) through the 
central axis.  
 
 
Figure 7-1 Schematic of bending and shear stress distribution for two bonded sheets. 
 
Based on theory, bending stress on the outer layers will be much higher than 
the shear stresses on the neutral axis; for example, by applying 1.334N on a 
simply supported beam, of thickness = 0.2mm, width =10mm, span = 20mm, 
(typical dimensions of the glass sheets used in this study), the σmax will be 
100MPa, while τmax will be only 0.5MPa. The latter value (even though small 
compared to the bending stress), occurs in the middle of the sheets, i.e. at the 
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bonded area, when the upper half slides over the lower half and is therefore 
likely to be more significant when the sheets are bonded rather than solid. 
7.2.1 Comparison Between Bonded and Unbonded Sheets 
Figure 5-18 showed that with an increasing number of unbonded sheets, the 
deflection values increased noticeably for the same σmax (calculated based on 
the total thickness). However, if the sheets had been bonded, then the 
deflection would have been expected to reduce with increased thickness 
(number of sheets), as represented in the figure by small black circles, due to 
a higher second moment of area. Furthermore, Figure 5-18 showed that the 
measured deflections, under the same applied stresses, of samples of 10mm 
width were lower than those of 20mm. For solid sheets this was not the case, 
as the deflection values are expected to be equal for both widths under the 
same applied stresses. For example, Table 5-3 showed that the deflection 
values of 0.2mm thick solid sheets under 50MPa and 100MPa are expected 
to be equal to 0.238mm and 0.476mm respectively, regardless of their widths. 
While Figure 5-18 showed that the deflection values under 100MPa, for the 
same thickness of unbonded sheets were 1.1mm (for 10x20mm), and 1.6mm 
(for 20x20mm), respectively. For higher numbers of sheets, the difference 
between observed and calculated values increased even more, as thicker 
solid samples were expected to show lower deflections due to their high 
moment of inertia (I), see Eq. 4-4. The reason for this was that the shear 
strength between unbonded sheets is effectively zero. 
These comparisons between the results obtained in Table 5-3 and Figure 5-
18 can be used as an estimation of stiffness and the amount of slippage or 
delamination areas between the bonded sheets. The difference between the 
calculated deflections of 0.2mm solid glass and the measured deflection of 
two bonded sheets, by PALTB and water glass, can be used as an estimation 
of the bond strength.  
7.2.2 Failure Under Cyclic Loads 
This test was an effective method for assessing the bond quality, by 
considering the number of cycles endured by each sample to fracture. The 
cyclic test demonstrated crack occurrence due to applied pressure and 
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heating in the PALTB and water glass bonding methods. However, this test 
was not successful in differentiating between the steps that did not lead to 
cracking, such as cleaning and drying. This test did not show a distinct 
difference between the effect of bonding pressure used, i.e. 1 and 2MPa, in 
PALTB, as was shown in Table 5-7. The reason behind this was the small 
value of the fracture toughness of the CMZ glass, less than 1MPa(m)0.5, and 
because the procedure for applying pressure during PALTB could lead to the 
creation of cracks. As such the evaluation of the strength of the bonds by 
cyclic testing was not ideal. On the other hand, measuring deflection under 
cyclic stresses provides an indication about the resistance of bonded 
materials to slippage/delamination for which a sudden increase of deflection 
was observed. Furthermore, cyclic loading was a successful method to 
evaluate different bonding procedures, e.g. one and two bonding stages, 
which were used in water glass bonding. In this case it showed that heating 
was a significant source of bubbles and cracks in the layer, which significantly 
reduced the number of cycles that the samples could resist under loading. 
Hysteresis loops were found in some deflection experiments. The reason 
behind this phenomenon can be attributed to more than one source, such as 
heat dissipation due to the application of the mechanical loads, as indicated 
by other investigators [169-171]. The relationship between hysteresis loops 
and heat/energy dissipation is recognised in materials that are exposed to 
phase transformations under mechanical stresses, such as austenitic steel 
alloys, or the materials that have an allotropic nature, i.e. its crystal structure 
changes by heating, such as Ti alloys. If the load-deflection behaviour of both 
phases are similar, then no residual strains appeared. However, if they 
behave differently, different shapes and sizes of hysteresis loops might 
appear. However, because such hysteresis loops were not found in all bonded 
sheets, such as permanent bonds, it seems this phenomenon is not attributed 
to the behaviour of the material. Since this phenomenon occurred only with 
samples that had weak bonds, it is more likely to relate to the strength, or 
rigidity, of the interface. If the interface layer was not strong enough to avoid 
slippage/delaminations, due to the shear strains, then such loops appeared. 
Furthermore, the load-unload phenomenon may have effects on this 
behaviour. Ashcroft [140] indicated that some materials, for example 
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polymers, show a facial interference during loading-unloading cycles. This 
may cause a delay in the response that the bonded samples should have, for 
each loading/unloading part of the cycle of stress.  
If a bonded layer is already weak due to low bond strength or the presence of 
unbonded areas, the load vs deflection curves showed incremental or sudden 
slippage/delaminations, as shown in Figures 5-21 and 6-8. This phenomenon 
was clear for preliminary bonded sheets in both methods. Consequently, the 
applied load causes higher stresses around the tips (edges) of these defects, 
as these tips act as stress raisers, and eventually higher deflections occur. 
Even though there are unbonded areas, the sample can still remain bonded, 
with the remaining bonded regions still able to absorb the applied work (load) 
acting on the sample, as was described in section 4.4.2.1. However, in the 
case where there are no unbonded areas, mostly in permanent bonded 
sheets, applying a high number of cycles may also eventually cause 
slippage/delamination, consequently increasing deflection. Figure (7-2) shows 
the expected profile of the slippage/delaminations that occurred between the 
interface layers. With weak interface bonds, an amount of slippage occurs 
with each cycle of stress. Usually slip occurrence, due to shear stresses, of 
one plane over another plane might cause voids, intrusions and extrusions, 
which potentially might lead to cracking [60]. 
The amount of slippage in each cycle represents the size of the hysteresis 
loops. This can be seen in Figure 6-8, which shows the deflection behaviour 
of water glass bonding at room temperature. However, in permanent water 
glass bonds, as shown in Figure 6-9, because the slippage amounts in each 
cycle of stress were small, the size of the hysteresis loops was very small, 
and they seemed to duplicate over each other. On the other hand, Figure 5-
24, for permanent bonds prepared by PALTB, showed that deflection values 
decreased slightly with each cycle of stress. This phenomenon may again be 
due to small incremental errors or could be explained by the bonding 
procedures, i.e. heating to 300oC -for 24 hours- under 1MPa, caused residual 
stresses between the layers, and therefore applying bending stresses during 
the deflection test tended to release or balance these residual stresses. 
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Figure 7-2 A model showing slippage/delamination effects on deflection. 
 
7.3 Crack Opening Displacement Test 
The crack opening displacement (COD) test is usually used to determine the 
strain energy release rate between bonded sheets. This test is widely used for 
silicon wafers, which usually have standard dimensions. Practical 
measurement of the delamination distance was the first criterion used here to 
assess the effect of the various process steps. This test is not considered an 
accurate test, as one of the main drawbacks is the difficulty in controlling the 
load and the insertion distance of the blade between the bonded sheets. 
However, this test was useful when combined with the results from deflection 
and other tests.  
In order to assess the fracture toughness of the interlayer, crack opening 
distances were transferred to GIC and consequently to KIC values according to 
equations 4-16 and 4-17 respectively. The results showed that the highest 
value of GIC of the PALTB interlayer was around 17N/m, (KIC = 1.1MPa.m0.5), 
see Tables 5-9, while the highest GIC value for the water glass interlayer was 
around 30N/m, (KIC = 1.4MPa.m0.5) see Table 6-6. This means that the water 
glass interlayer was more resistant to crack propagation than the PALTB 
interlayer.  
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7.4 Humidity and Thermal Cycling Tests 
These two tests examined the robustness of the bonded sheets to humidity 
and thermal cycles. The permanent bonded samples in both bonding methods 
did not show obvious fracture or delaminations after these two tests. However, 
it was not clear that these tests could reduce the strength or the stiffness of 
the bonds as reliable deflection tests could not be applied. The reason for this 
is that measuring samples before exposure to humidity and thermal cycling 
may have led to sample damage which would have affected the results.  For 
this study, the number of samples tested was limited due to the time taken to 
prepare them. To achieve a better picture and assessment regarding the 
effect of these tests on stiffness, a large number of samples would be required 
for statistical integrity.  
 
7.5 Sample Dimension and Ageing Effects 
A number of sources of error were considered earlier in the results chapters. 
This section considers other sources that may cause inconsistencies of the 
results or factors that should be borne in mind when comparing data between 
tests.  
• Inequality of the sheet dimensions: 
Two different glass sheet dimensions were used in this study, namely 
10x30mm and 20x30mm, as they required smaller loads to deliver the 
required pressure in PALTB. Larger dimensions were used to assess the 
quality of the water glass bonding since these did not require the application 
of pressure. Consequently, the majority of the samples exposed to cyclic 
stresses had a length equal to 30mm, with a span = 20mm and with two 
different widths, 10 mm and 20mm. To demonstrate the effects of sample 
dimensions, different spans and widths under similar stresses were evaluated. 
To achieve accurate results, the same loading conditions applied in this study 
were selected for this calculation, i.e. simply supported beam, see Figure 4-4. 
Table 7-1 shows the evaluation of the required loads (F) that resulted in the 
maximum stress (σmax = 100MPa) for the different spans (L) of 10, 20, 30, 40 
and 50mm; according to the following equations: 
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  Equation 7-1 
 
To find the loads that give similar stresses, Eq. 7-2 can be rearranged as 
below: 
  Equation 7-2 
 
Table 7-1 shows that deflection values are expected to increase with 
increasing length (span) of the sheets under the same stresses. Changing the 
width (b) of the sheets between 10mm and 20mm had no noticeable effect for 
the same stress and span. Accordingly, the sample dimensions that were 
used in this study were selected in a way to minimise the dimension effects on 
the deflection values.  
 
Table 7-1 Effect of the length of span on deflection values under constant stress (σmax) 
of 100MPa. 
Width of samples = 10mm 
L 
(mm) 
y 
(mm) 
I   
(mm4) 
4 I σ Ly F    
(N) 
FL3 48EI δ 
(mm) 
10 0.05 0.00083 0.33 0.5 0.667 666.6 1200 0.56 
20 0.05 0.00083 0.33 1 0.333 2666.6 1200 2.22 
30 0.05 0.00083 0.33 1.5 0.222 6000.0 1200 5.00 
40 0.05 0.00083 0.33 2 0.166 10666.6 1200 8.89 
50 0.05 0.00083 0.33 2.5 0.133 16666.6 1200 13.89 
Width of samples = 20mm 
L 
(mm) 
y 
(mm) 
I   
(mm4) 
4 I σ Ly F    
(N) 
FL3 48EI δ 
(mm) 
10 0.05 0.00166 0.66 0.5 1.333 1333.3 2400 0.56 
20 0.05 0.00166 0.66 1 0.666 5333.3 2400 2.22 
30 0.05 0.00166 0.66 1.5 0.444 12000.0 2400 5.00 
40 0.05 0.00166 0.66 2 0.333 21333.3 2400 8.89 
50 0.05 0.00166 0.66 2.5 0.266 33333.3 2400 13.8 
 
• Inaccuracies from overlapping sheets: 
Companies that conduct bonding processes use specialised alignment 
equipment when placing one wafer over another to avoid inaccuracy in the 
overlapping process. In this study, the cleaned sheets, with or without 
intermediate material, were placed over each other manually. This procedure 
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was not precise as it did not lead to closely matched edges. This means that 
considering the whole area of the sheets as the bonded area will contain 
some error and may enlarge the variation between deflection values. It is 
estimated that the misalignment may have been as much as 0.5mm in the x 
and y directions. The bonded area difference depends on the sheet 
dimensions, i.e. larger sheet dimensions give smaller percentage differences. 
• Ageing effect: 
Table 5-6 and Figure 6-7 showed the effect of leaving cleaned, assembled 
sheets at room temperature which decreased the deflection values due to the 
drying out of the interface [83, 84, 87, 98]. Such an effect had an influence on 
the deflection of preliminary bonds, and this may also have affected 
permanent bonded sheets. Usually there was a period of one day waiting 
(standard process) between the preliminary and permanent bonding stages of 
process route B, (in both PALTB and water glass bonding methods), however 
on some occasions this may have extended to one week, and may have led 
to some changes in the deflection value.  
 
7.6 Pressure Assisted Low Temperature Bonding (PALTB) 
Chapter 5 presented the results of the PALTB study that involved the 
preparation of hydrophilic surfaces followed by heating with applied pressure. 
Figure 7-3 illustrates a proposed mechanism for the stages of the process 
leading to bonding. The cleaning process with Decon 90 achieves 
contaminant free surfaces that are covered with silanol (SiOH) groups. 
Although the chemical composition of Decon 90 is not revealed, it does 
include 3.5% KOH, which is also used by other researchers. The glass slides 
were assembled under water with the remaining water molecules expected to 
hydrogen bond with the surfaces.  
In general, the mechanism of the preliminary bonding stage can be attributed 
to the dehydration of the interfacial region, leading to fewer remaining water 
molecules. According to the sol-gel literature [199], condensation-
polymerisation reactions of the dehydrated OH groups are reasonable 
explanations for bonding after heating or leaving for a long time at room 
temperature [55, 76, 125]. The heating process acts to evaporate the water 
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molecules bringing the glass surfaces together. Further heating and 
dehydration encourages the formation of covalent bonds, Si–O–Si between 
the two substrates, inducing adhesion. 
 
 
Figure 7-3 Schematic diagram showing a proposed bonding mechanism for each step 
in PALTB. 
 
Sayah et al. [113] showed that increasing the temperature during bonding 
also leads to increasing bond strength under the same applied pressure, and 
period of time. These observations can be attributed to changing the nature of 
the bonding. With cleaned sheets the bonding takes place by generation of 
hydrogen bonds, Van der Waals forces, or surface tension between the 
surfaces and interfacial water molecules, however during high temperature 
heating, the bonding nature can be transformed to covalent [87, 104, 200, 
201]. At the same time, heating also accelerates the interactions between the 
surface atoms, which provides opportunities for diffusion [89, 202, 203]. 
The pressure used in this study during bonding was relatively small (1-2MPa) 
compared with the yield strength of the glass material, not less than 100MPa. 
However, this applied pressure is expected to reduce the separation between 
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the glass sheets during heating. Reducing the separation will act to eliminate 
or decrease voids in the interface and consequently the strength of the join 
may be increased due to the greater bonded area.  
7.6.1 Cleaning Effect 
Table 5-6 showed a clear indication of the effects of cleaning on deflection 
values compared to uncleaned sheets, see Figure 5-18. Table 5-6 shows that 
the cleaning process reduced deflection to 0.85mm in a pair of assembled 
cleaned sheets left for two days at room temperature, while unbonded sheets 
showed 1.7mm (in Figure 5-18) for the same stress of 100MPa. This is in 
agreement with the mechanism of Figure 7-2 and indicates that the cleaning 
process and the presence of water between the sheets provides some bond 
strength.  
The contact angle measurements, see Figure 5-5, showed the effect of 
cleaning by Decon 90 in decreasing the contact angle from 47o to 17o after 24 
hours of immersion. This significant decrease of the contact angle indicates 
that changes occurred in the surface chemistry, presumably via the 
generation of silanol OH groups on the glass surfaces. Investigations in the 
literature have confirmed that increasing the number of such groups enhances 
the wettability of surfaces and subsequently enables primary bonds to be 
generated between the surfaces in contact. Such groups will be able to 
hydrogen bond effectively with any water molecules leading to an increase in 
bond strength over uncleaned surfaces [98, 101, 111]. 
7.6.2 Preliminary Stage Bonding 
Table 5-6, Table 5-9 and Figure 5-23 showed the deflection values and strain 
energy release of the assembled cleaned sheets and preliminary bonded 
sheets, i.e. after heating at 100oC under vacuum. Table 5-6 and Figure 5-23 
showed that the cleaned and preliminary bonded samples had lower 
deflection values than unbonded sheets, see Figure 5-18. Moreover, Table 5-
9 showed the strain energy release (GIC) of cleaned, preliminary bonded and 
permanent bonded sheets. The results showed that assemblies of cleaned 
sheets (unheated) had the lowest resistance, while preliminary and permanent 
bonded sheets had higher GIC values.  
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The preliminary bonding stage is considered as an intermediate stage for 
preparing the sheets for permanent bonds, and had advantages such as 
allowing the moisture between the surfaces to escape, as that might cause 
bubbles during heating at high temperatures and subsequently cause 
debonding. All the experiments here were carried out in a clean-room to 
minimise the contaminants on the surfaces. The initial tests with one stage 
bonding showed multipoint contacts that caused unbonded areas, known as 
“rucking”, or contaminants between the sheets caused areas of non-contact, 
as shown in Figure 7-4. A vacuum oven was therefore used to withdraw the 
moisture from the cleaned surfaces before heating. The vacuum oven was 
used to help equalise the opportunities for the whole surface to bond, from 
one point and then propagated in all directions until it included other bonded 
areas [114]. 
 
 
Figure 7-4 Bonded and unbonded areas due to contamination or rucking causing 
Newton’s Rings phenomena. 
 
7.6.3 Permanent Stage Bonding 
Figures 5-23 and 5-27 summarized the deflection values of preliminary and 
permanent bonded samples. Although variations in deflection values were 
observed from one sample to another in both bonding stages, these variations 
were less apparent in permanent bonded sheets. This can be attributed to the 
main two parameters that differed the preliminary bonding stage from the 
permanent stage which were using higher temperature, 300oC, and applying 
pressure, 1MPa. The deflection values of preliminary bonded sheets, 
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especially two bonded sheets, were scattered. For example under 100MPa, 
the deflection values ranged between 0.63mm to 1.23mm, (1.0mm as 
average of 5 samples), while the permanent bonded sheets (bonded under 
1MPa) showed a range of deflections between 0.43 and 0.72mm (0.62mm as 
average of five samples). This range of deflection values in permanent 
bonded sheets may be attributed to the variations in stiffness of the bonded 
areas, or to a small amount of slippage between interlayers, although, in 
general, more than 80% of the permanent bonded samples did not show clear 
delamination.  
Figures 5-28 and 5-29 showed that the interface thickness is about 25nm. 
According to the known distances of the O-H silanol (2.76Å) and Si-O-Si 
siloxane (3.18Å) groups [47], this number indicates good bonding between the 
sheets, as 25nm means consisting only few layers of the above groups. To 
achieve an exact thickness of this layer, more detailed investigations is 
required. Sayah et al. [113] showed that increasing pressure has a significant 
effect on increasing the bond strength by a reduction in the interface layer 
thickness, consequently reducing the imperfections and non-planarity that 
were created during heating. Other investigators [95] showed that the 
thickness of the interface layer between bonded sheets can be used as a 
criteria for evaluating the bond strength, as thinner layers would lead to better 
and stronger resistance.  
Table 5-9 for the strain energy release showed that the lowest opening 
distance occurred in permanent bonded sheets, prepared with 1MPa pressure 
and 300oC, compared with cleaned and preliminary bonding stages. The 
inability to measure the crack opening distance for permanent bonds under 
2MPa, due to the sheets peeling up, indirectly indicated that these were more 
strongly bonded than at 1MPa. 
 
 
 
7.7 Water Glass Bonding 
Bonding with intermediate materials presents some challenging issues, such 
as compatibility between the adhesive materials with the main substrate, and 
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its requirement for heating. A major concern with water glass bonding is the 
changes that may occur during dehydration, polymerization or precipitation of 
the ions that are present. These may change the structure and consequently 
lead to incompatibility with the substrate material. Heating within non-optimal 
environments and without appropriate precautions may lead to the creation of 
voids, bubbles, and cracks [26, 45, 46, 58, 59]. This research has clearly 
shown that using water glass to bond CMZ glass sheets is possible at room 
temperature and the challenges only started after heating to high 
temperatures.  
Figure 7-5 shows a proposed mechanism for the different steps in water glass 
bonding. In terms of the cleaning process, similar solutions and procedures 
were carried out, as used for PALTB, leading to the creation of OH groups at 
the surface, Figure 7-5a. For water glass a drying process was used to 
remove excess water molecules before addition of the water glass droplets, 
Figure 7-5b. After adding the water glass, the sheets were assembled, Figure 
7-5c. The main step in water glass bonding is the heating process, since by 
heating, the water glass dehydrates from a liquid to solid state. In this study, 
the heating process consisted of two stages: leading to preliminary and 
permanent bonding, Figures 7-5d and e. 
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Figure 7-5 Schematic diagram showing a proposed mechanism for each step in water 
glass bonding. 
 
In direct bonding methods, such as PALTB and fusion bonding, at 100oC and 
over, most of the remaining water is removed after the drying process leaving 
a layer of hydroxyl groups. In general, siloxane (Si-O-Si) bonds replace the Si-
OH-Si bonds with further heating between 100 and 600oC [87, 98]. However, 
in water glass bonding, the alkali ions from the silicate solution, can lower the 
temperature of this dehydroxylation process [51-53]. Hence, bonds between 
the two surfaces can be achieved at lower temperatures, 200-300oC, than in 
the fusion bonding process. 
7.7.1 Effect of Cleaning and Dilution 
Investigators [51, 52] have confirmed that cleaning has some advantages; 
besides removing the contaminants, it can provide hydrophilic surfaces, the 
intermediate material will interact with OH groups and it encourages water 
molecules to diffuse out of the interface. Drying the sheets after cleaning did 
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not present the same challenges as in PALTB, since the intermediate medium 
could interact with and cover any small levels of contamination present on the 
cleaned sheets. 
In terms of the water glass dilution, the qualitative investigations explained in 
Chapter 6, (see Figure 6-6 and Table 6-2) showed the significance of finding a 
compromise between the dilution level, amount of solution used for bonding 
and the temperature required for bonding. The results confirmed that any 
incompatibility between these factors caused a dramatic decrease in bonding 
performance. Due to its high viscosity, the undiluted water glass was required 
in large amounts to cover the glass surface and this led to an increase in the 
thickness of the intermediate layer. Consequently, the probability for the 
initiation of bubbles and voids during heating within this thick layer was higher 
[58, 59], see Figure 6-5. The main concern here is the creation of bubbles and 
cracks within the water glass layer at the permanent bonding stage.  
Other investigations [54] confirmed that precautions and preparations, such as 
identifying an appropriate cooling rate inside an oven, are necessary to obtain 
sound solidification. If the amount of water glass was not enough to cover the 
whole surface area, debonded areas, cracks and bubbles were highly likely, 
Figure 7-5e. The initial tests showed that a dilution rate (x10) could be used to 
bond the sheets within the temperatures used in this study. Besides providing 
reasonable bonds at specific temperatures, this rate was selected as it 
allowed the solution to wet the surfaces leading to a relatively thin bonding 
layer.  
Figure 6-4 showed opaque regions in sheets bonded by undiluted water 
glass, while Figure 6-12 shows a similar phenomena in a bonded sheet with 
dilution rates lower than x5, exposed to a thermal cycling test. A similar 
phenomenon was observed by Setty [62] and Kwon [63], who found different 
leaf like morphologies and patterns in bonded Pyrex glass and sodium 
silicates respectively, as explained in section 2.3.1. Setty attributed this 
phenomenon to re-distribution of sodium contents at various rates under 
heating and applying a voltage, which causes higher concentration compared 
to other parts. However, in this study, this phenomenon is much closer to that 
observed by Kwon, as it may be attributed to a result of a combination of 
temperature and concentration of water glass compounds which leads to 
 189 
different numbers of nucleation sites. With high water glass concentration (e.g 
undiluted), or high temperature treatment (rapid dehydration), many 
nucleation sites are formed by the sodium silicate as it begins to precipitate: 
the undiluted water glass is unable to dissolve the water glass components, 
i.e. supersaturation occurs. These many sites lead to the growth of large 
numbers of separate crystals which appear as opaque regions. Regions with 
a lower concentration of water glass compounds could be dissolved and 
soundly bonded areas appeared, as shown in Figure 4-6. For lower 
concentrations of water glass that are heated slowly at lower temperature, 
fewer nucleation sites are likely to form during dehydration and these produce 
fewer crystals with better optical clarity. The occurrence of opaque regions for 
bonded samples with less than x5 dilution rate under thermal cycling may be 
due to uneven dehydration or due to re-distribution and re-localising of the 
sodium content inside the glass, i.e. a metastable phase separation 
phenomenon [46]. As such small isolated white groups are observed, as 
shown in Figure 6-12. 
7.7.2 Effect of Heating 
The initial tests showed the possibility of water glass bonding at room 
temperature. However, it took a long time to complete the bonding process, 
perhaps as much as a few months to dry this amount of water glass, 
(1µl/50mm2). Figure 6-7 showed that achieving a deflection of 0.9 mm with 
undiluted water glass bonded sheets required one month storage at room 
temperature, while the same deflection was obtained by PALTB after 1 day, 
see Table 5-6.  
The comparison between one-stage and two-stage bonding procedures 
showed the significance of heating rate on bonding quality. The one-stage 
bonds used a convection oven with a constant heating rate of 6oC/min, while 
the two-stage bonding procedure with a vacuum oven used an average 
heating rate of 1.5oC/min. When sheets in both procedures were heated to the 
same temperature of 100oC, the bonded sheets with a slower heating rate had 
a better appearance, less distortion and were more reliable when subjected to 
mechanical tests. The vacuum oven also helped to planarise the water glass 
layer.  
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According to the methods practised in this study, the two-stage bonding 
process was preferred. In the first stage, heating to 100oC for 1hour in the 
vacuum oven provided a preliminary bond. Figure 6-9 showed the resistance 
of preliminary bonded samples to a high number of cycles under σ = 50MPa. 
However, the deflection profile showed steady delaminations i.e. an increase 
of the deflection values with cycling. On the other hand, Table 6-3, which 
summarized the deflection values of preliminary bonded sheets, heated at 
100oC for 1hour, showed that the samples with a width of 20mm, had higher 
deflection than samples that were 10mm wide. However, this is not expected 
to be the case for solid materials based on calculations, see sections 5-3 and 
5-4. This was an indication that the stiffness of the interlayer was not enough 
to compensate the higher load applied to the 20mm wide sample that was 
necessary to reach the same applied stress as the 10mm wide sample. These 
phenomena mean that the bonds between the glass sheets and water glass 
were weak at the preliminary stage, such that further heating was required. 
Increasing the temperature from 100oC to 200oC caused a reduction in 
deflection values. However, Table 6-4 showed that the samples failed under 
100MPa after a few cycles. This can be explained according to Eq. 4-13 and 
4-14. Since fatigue failure is very sensitive to initiation of cracks and defects, 
which decrease the resistance of the bonds dramatically [65, 166, 204], it is 
possible that this decrease in the number of cycles to failure may be due to 
imperfections in the fully dried water glass layer, such as voids and bubbles. 
These imperfections act as stress raisers, so that the applied stresses on 
these positions are increased due to increasing stress concentration factor 
(Kt), which depends mainly on the geometry of these stress raisers, see 
Figure 4-7. For example if a defect, e.g. bubble, has a circular geometry, Kt 
will be 3, according to Eq. 4-7, i.e. the applied stress at the surface of the 
defect is three times higher than the average stress over the sheet. For a 
defect that has an elliptical shape with the major dimension of the ellipse 
located perpendicular to the applied stress, the Kt becomes higher than 3. 
Therefore, applying high stresses causes fast propagation of the crack and 
failure. These results showed that the bubbles or cracks (created either within 
the heating process or already there during dispensing and solidified by 
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heating) had a length, which transferred the K value to KIC, leading to crack 
propagation of the interlayer material after a few cycles.  
The above explanation can be enhanced by considering the difference 
between the calculated and measured thickness of the water glass layer. As 
shown in Figure 6-11, the measured thickness varied between 2 and 6 
microns. However, if the expected thickness of the water glass is calculated, a 
different value is obtained. The thickness can be estimated by taking 
approximate values of the densities of water glass solution “SiO2 (26.5 wt%) + 
Na2O (10.6 wt%) = 37.1wt%” and solid glass material as (1.39g/cm3 = 
1.39g/ml ) and (2.23g/cm3) respectively. 
Based on its density, the mass of 1µl of undiluted water glass is equal to 
1.39x10-3g, and this amount includes 37.1wt% sodium silicate: 
 Equation 7-3 
 
This is diluted  to (x10), (i.e. 10:1, DI water:undiluted water glass) to give:   
 Equation 7-4 
 
If the density of solidified sodium silicate is assumed to be the same as that of 
glass material (2.23g/cm3), the volume of this amount equals: 
  Equation 7-5 
 
This amount was deposited over 50mm2. Therefore the thickness of the layer 
equals: 
  Equation 7-6 
 
This difference between the measured and calculated thickness can be 
attributed to different sources: first, it was very difficult to prepare a cross-
section of a water glass bonded sample without damaging the layers. Many 
different methods were evaluated and therefore it may be that the images 
obtained do not truly reflect the real thickness. To show this clearly, more 
work by FIB is required to obtain a bright contrast cross section. Voids and 
bubbles between the layers may cause differences in thickness, due to lower 
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density, as illustrated in Figure 7-5. Alternatively, the possibility of moisture 
remaining between the sheets or not using an accurate density of sodium 
silicate in the calculation, should be considered.  
 
7.8 PALTB and Water Glass Comparisons 
The deflection results of PALTB samples showed slightly lower deflections 
than water glass samples. However, the occurrence of failed samples with 
water glass bonding was lower than that of PALTB. The investigations 
showed for the preliminary and permanent stages that the sheets bonded with 
water glass, were more routinely bonded compared to permanent PALTB 
bonds. This can be attributed to the existence of the water glass, between the 
sheets which was dehydrated and acted as a binder to fill any gaps between 
the sheets. However, in PALTB, the bonds were totally dependent on 
generation of bonds directly between the surfaces. 
On the other hand, the results showed that the PALTB bonded sheets had 
lower deflection values in comparison with the sheets bonded by the water 
glass under the same applied stresses, see Figures  5-24, 5-25 and 6-10. This 
difference can be attributed to the water glass stiffness, and the bond nature 
that is created between the glass surface with the water glass, which might be 
lower than the siloxane bonds (Si-O-Si) that is created in PALTB method. 
The results showed that PALTB bonded sheets could resist a higher number 
of cyclic stresses, especially at the permanent bonding stage for those 
samples that survived the applied pressure and did not generate cracks. The 
reason behind these differences can be attributed mainly to the bonding 
mechanisms in the two methods. In terms of PALTB, a very thin intermediate 
layer, tens of nanometres thick, provided imperfection free bonds, while with 
the water glass method, the intermediate layer was much thicker, including 
voids and cracks that accelerated failure. This is supported by the ageing 
effect (drying) observations at room temperature for both methods. Due to the 
thin layer in PALTB, just a few hours were sufficient to realise bonding at room 
temperature, while in water glass bonding, due to the thick layer, even the 
preliminary bonding stage, i.e. heating at 100oC, for 1hour, was not enough 
for complete drying. 
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Tables 5-9 and Table 6-6 show the estimated strain energy release rate (GIC) 
values of PALTB and water glass interlayers respectively. The results showed 
that the highest GIC value of permanent bonded sheets by PALTB (heated at 
300oC, for 24 hours under 1MPa) was 17.7N/m, while the highest GIC for 
permanent bonded water glass (heated at 400oC for 5 hours) was 30.87N/m. 
By transforming these GIC values to KIC, using Eq. 4-17, the results gave 
estimated KIC values of 1.11MPa.m0.5 and 1.47MPa.m0.5 for PALTB and water 
glass interlayers respectively. Other samples in both bonding methods, 
prepared under different conditions, showed a lower KIC, around 1MPa.m0.5 or 
less, which is close to the fracture toughness (KIC) of CMZ glass, measured by 
applying linear elastic fracture mechanics (LEFM), as shown in Figure 5-20, 
and was around 0.8MPa.m0.5. Overall, these KIC values, either of the CMZ 
glass or the interlayers, are relatively small, therefore, micro cracks, even 
under relatively low applied stresses, will easily bring the K value to the range 
that will consequently propagate the cracks until fracture. These observations 
underlie the scattered results from the cyclic tests of the bonded sheets, 
obtained with PALTB, or water glass methods [27, 65, 75, 166], and confirm 
the necessity of crack-free surfaces during bonding. This is an area for further 
investigation to determine methods to “heal” surfaces after bonding. 
To compare the effect of the shear component for the two bonding methods 
on overall deflection, Equation 7-7 was assessed for its applicability (see also 
section 4.4.1.1). This states that the total deflection (δt) of a beam subjected to 
a bending moment consists of a portion due to pure bending, δb, and shear 
deformation, δs:  
  Equation 7-7 
 
For solid materials the first term is predominant because the shear strength in 
solid materials is high and the contribution of the shear deflection component 
is low, i.e. the value of δs becomes low [65]. If there is delamination Equation 
7-7 will not be applicable [144-147]. Therefore, only the load vs. deflection 
curves for samples that did not show delamination were considered for 
comparison with this equation. For the PALTB method, Figure 5-27 showed 
that the average deflection under 100MPa of two bonded sheets with 
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dimensions L = 20mm, b = 10mm, h = 0.2mm is 0.62mm. For the water glass 
method, Figure 6-10, the deflection value of two bonded sheets under 50MPa 
(0.67N) was 0.33mm. As explained by Gdoutos [154, 160], these deflection 
values are the sum of the deflection due to bending of the face (glass sheets) 
and the shear of the core (interlayer). The limitation of Eq. 7-7 is apparent if 
the calculated deflection of a solid glass sheet, see Table 5-2 and Figure 5-18, 
considering E = 70GPa for CMZ glass [49], are compared with the deflection 
of the samples in Figures 5-27 and 6-10. The G values of the interfaces 
become very small, e.g. 0.1GPa which is not a realistic value, because usually 
G values are 25-35% of E for many materials [60, 65]. This can be attributed 
to the calculated deflection for the first term in Eq. 7-1, as this assumes simple 
bending of a solid material, while in this case, the sample consists of two 
bonded layers and, as such, the deflection may be greater due to bending 
stress alone and this will reduce the contribution due to δs.  
Gdoutos [154, 160] indicated that Eq. 7-7 cannot be considered accurate as 
long as interferences between biaxial stresses, bending and shear stresses, 
occur over the whole cross section. To validate Equation 7-7 for bonded 
sheets, Gdoutos suggested applying incremental stresses on a whole bonded 
sample until fracture and applying the same incremental stresses on each 
component separately until fracture, i.e. the faces and core. The collected 
deflection data are then analysed to find the stage that gives the predominant 
shear deflection component and/or the stage where non-linearity appears. 
Consequently this accounts for the inclusion of a shear component ratio with 
the increasing applied stress.   
 
7.9 Glass as Applied to Substrate Manufacture 
Choosing CMZ glass in this study to create multilayer glass substrates was 
based on its low CTE, as it is close to that of silicon. The high difference of 
CTE between organic substrates, for example conventional FR4, and silicon, 
causes strain during thermal cycling and fatigue failure of flip chip solder 
joints. As theoretical approaches [12] predict, improvements in solder joint 
reliability can be achieved by reducing the thermal strains between silicon and 
the substrate, see Figure 1-3. However, in a typical substrate there are other 
 195 
materials, such as copper tracks. The thermal strains between the tracks and 
the substrate may also cause delaminations and therefore, the adhesion 
between the tracks and the substrate must also be considered as a new 
failure mechanism in glass substrates. Confirming the overall improvements in 
reliability for CMZ glass substrates requires the manufacture of the whole 
assembly, with flip chips mounted on the substrate by solder joints which are 
then exposed to accelerated tests, e.g. thermal cycles, to evaluate the results. 
Because this research did not include this part of the evaluation, more 
investigations are required to confirm the validity of this type of glass as an 
MCM substrate. 
Based on the results shown in chapters 5 and 6, the following sections, 
consider the potential of these bonding methods for application to electronics 
manufacture. This study focused on sample dimensions of 30mm, 40mm and 
50mm length, with 10mm and 20mm width. Besides the reason of availability 
of these dimensions of the glass used in this study, the procedures described 
in these two techniques (PALTB and water glass bonding) indicate that more 
difficulties and challenges will be faced when bonding larger dimensions, such 
as holding, cleaning and assembling the sheets without damage and 
obtaining the required bond quality. Nevertheless, some manufacturers [80] 
produced and used thin (0.1mm thick), large area (1m2), glass for some 
electronic applications, e.g. flat panel displays, and this indicates that 
technologies for processing larger panels are potentially available.  
Despite the ease of handling and a lower susceptibility to fracture when using 
glass of 0.1mm thickness, in general such thicker substrates can compromise 
routability and for future applications, thinner layers of 0.05mm would be more 
appropriate and in-line with conventional dielectric layer dimensions.  
Within the electronic systems, electrical signals are generally used to 
communicate between components such as microprocessors and memory or 
data storage. However, because the current market ambitions push the 
manufacturers toward increasing the amount of transferred data and 
increasing the signal speeds, optical signals are appearing as a replacement 
of the electrical signals, as the optical signals can provide faster speeds and 
working at higher frequencies. However, the integration of optical waveguides 
into substrates presents a range of challenges including material selection, 
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combined optical and electrical design and accurate alignment of light emitting 
and detecting devices with waveguides. On the other hand, embedded 
passives have become a significant technology in recent years for increasing 
performance, as they improve routability through the possibility of elimination 
of layers in a substrate. For this technology, different materials are used to 
produce the passive components, often based on polymers mixed with other 
compounds to produce resistors, insulators or conductors. There are different 
techniques to fabricate these embedded passives that could also be applied 
to CMZ glass sheets, such as lamination of polymer films or printing. Polymer 
films could potentially enhance the bondability with the substrate, however, 
including these embedded passive components must be carefully considered 
as they can act as stress raisers in multilayer substrates.  
In this study, the CMZ glass sheets were bondable by using both methods: 
PALTB and water glass bonding. The water glass method was used for 
bonding plain and laser machined sheets, as will be shown in the next 
sections, while PALTB was used to bond plain sheets only, because the 
presence of tracks or vias led to fracture. The investigations in this study 
showed that for PALTB, heating the areas of the assembled cleaned sheets 
that are in contact, under pressure, led to bonding - thus the issue is the 
height of the tracks, which will restrict a complete contact between the sheets, 
and applying higher pressure may lead to fracture, due to the fragility of the 
glass. Potentially, this issue can be reduced by using proper fixtures and 
equipment, for example increasing the applied pressure simultaneously with 
increasing temperature, in that the flexibility of the materials is increased. 
An alternative solution to bonding glass would be to use adhesive materials to 
fill the gaps and also to reduce the effect of stress concentration effects, 
caused by the height of tracks. or using adhesive materials that have low 
Young’s modulus, which provide better stress relieving between the layers. 
However, the strategy of this project was to avoid polymer type adhesive 
materials, as this technique has disadvantages, for example they may block 
the transmission of optical signals and control of the adhesive spread is 
difficult leading to contamination of vias or channels between the substrate 
layers. In addition, they may prevent the use of the substrates at higher 
temperatures and the material properties are not matched well to glass.  
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Water glass, which is also considered as an intermediate layer, was used in 
this study as an adhesive, however this was chosen due to its similarity in 
chemical composition to the glass. For water glass bonding, extra precautions 
must be taken into consideration during dehydration to avoid generation of 
stress raisers. If the dilution rate, heating rate, the amount of water glass and 
the planarity of the glasses are all prepared in the right way, bonding can be 
achieved. Some investigations [51, 52] have shown that using a much thinner 
water glass layer is suitable, for instance, between 30 to 200nm. It is possible 
that using such thin layers of water glass avoids defects, such as opaque 
regions and bubbles, compared to using a thick layer of water glass that gives 
more possibility of defect generation. This study used a greater thickness, and 
found it to be suitable for bonding substrates that included copper tracks and 
patterns as the intermediate layer had the ability to planarise the interface.  
The main challenges that face CMZ glass as a substrate are its brittleness, 
adhesion to conductor tracks and thermal conductivity. In terms of the 
brittleness, this issue is not essential for encapsulated or packaged devices, 
as the glass material will not be in direct contact with external forces. 
Moreover, its adhesion with metallic tracks can be improved through the use 
of appropriate deposition methods [34, 43].  
In addition to the advantages described in section 1-3, glass can offer some 
other advantages over other insulator materials that can be used with 
semiconductors. These include the capability of producing a 3 D substrate, by 
producing accurate physical features, tracks and vias, at different heights of 
one glass layer, and then metalizing these features. Availability in thin sheets 
is another advantage factor that glass can provide compared with other 
common insulators.  
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7.10 Creation of HDI Substrate 
As described earlier, glass offers a number of advantages including: high 
dimensional stability, electrical insulation and a CTE close to that of Si. This 
study investigated the use of CMZ glass as a potential alternative for the 
fabrication of multilayer substrates able to support high-density interconnect 
[30, 42]. To fabricate substrates, three key processes were investigated by 
three PhD researchers, first, laser machining to create vias and patterns; 
second, metallisation to create conductive tracks, pads and microvias; third, 
(the subject of this PhD), lamination to bond together the thin glass to create 
multilayer stacks.  
7.10.1 Microvia Formation and Track Definition 
Since glass can strongly absorb in the short ultraviolet range, an excimer laser 
was identified as a suitable tool for machining of microvias, tracks and 
subsequent demonstrator patterns. For this work, a KrF excimer laser 
(248nm) with maximum pulse energy of 400mJ, average power of 100W and 
200Hz repetition rate was used. Microvia drilling was performed in both 
100µm and 50µm thick CMZ glass which ranged in dimension from 
10mmx30mm to 20mmx50mm, using a 1.5mm circular steel mask aperture 
which, after reduction, gave a 100µm diameter spot size at the workpiece [32]. 
7.10.2 Deposition of a metallic coating 
This part of the work used electroless plating methods to deposit copper or 
nickel. The copper electroless plating process used to metallise the glass 
involved a cleaning step, to remove any contaminants, followed by a pre-
treatment with a (3-aminopropyl) trimethoxysilane (APTS) solution to create a 
self-assembled monolayer (SAM). After this, the surface was activated by 
immersion in a Pd/Sn catalyst and electroless copper deposition was carried 
out using a commercially available self-accelerating plating solution [43].  
7.10.3 Single Layer Circuit Pattern 
Figure 7-6 shows how a single layer device was fabricated by combining the 
techniques of laser machining and metallisation. To begin with, the glass was 
initially laminated with a dry film photoresist layer to reduce the level of debris 
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adhering to the glass during machining. This was then excimer laser 
machined to remove the photoresist and ablate the glass underneath to 
produce a pattern of tracks and pads. The sample was then prepared for 
metallisation by immersing it in an APTS solution - in this case, the presence 
of the photoresist pattern enabled only the laser machined glass to be 
functionalised with the SAM.  
 
 
Figure 7-6 Processes to produce single layer circuit patterns on glass. 
 
After rinsing, the photoresist was stripped from the surface and then the entire 
sample was exposed to a catalyst solution. As only the laser machined areas 
of the surface had been activated with APTS, the catalyst only adsorbed on 
these regions and was washed cleanly from the smooth glass. Subsequent 
electroless copper or nickel plating was selectively deposited on the activated, 
laser machined areas and was well adhered due to the roughened nature of 
the tracks [43]. Using this technique a single layer circuit pattern was 
produced as shown in Figure 7-7. 
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Figure 7-7 Optical image of a single layer circuit pattern on glass.  
 
7.10.4 Glass Lamination (The Present Thesis) 
As it is clear from the name, the creation of a single layer printed circuit 
pattern did not require lamination processes. However, lamination is an 
essential step to extend the single layer circuit pattern to produce two or more 
multilayered circuit patterns. Two different methods, pressure assisted low 
temperature bonding (PALTB), and water glass bonding, were carried out in 
this study to laminate CMZ glass sheets. Since an essential aim of this study 
was the creation of a multilayer substrate, which usually consists of tracks and 
vias, initial trials were started with PALTB for lamination of the machined and 
patterned CMZ sheets. However, most of the trials were not successful, due 
to the existence of the machined vias and metallised tracks, such that large 
areas of the two surfaces could not be in contact [83]. Accordingly, water 
glass bonding was a better choice to bond non-planar glass sheets [43]. 
7.10.5 Double or Multilayer Substrates 
Figure 7-8 shows a schematic diagram that illustrates the main steps to create 
a double layer substrate. After preparation of the single circuit, it was bonded 
with a plain CMZ glass sheet, using the water glass bonding method. For this 
purpose, the standard two stage bonding route, as explained in section 6.3.2, 
was used, i.e. a dilution rate (x10), 1µl/50mm2. The sheets were heated at 
100oC for 1hour in a vacuum oven, then for 2 hours at 200oC.  
This structure was then laminated with photoresist and then laser drilled down 
to the underlying tracks. A similar process route to the single layer device was 
then followed to selectively activate and then electroless metallise the 
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machined areas. It is envisaged that repetitions of the above steps could then 
be used to build multilayer substrates. 
 
Figure 7-8 Process route for the preparation of a two layer glass substrate. 
 
Figure 7-9a shows a plan view of a single layer circuit on top of which a sheet 
of CMZ glass has been laminated by water glass bonding. Some bubbles 
were evident in the layer. Figure 7-9b shows a cross-section through a 
structure where the laser has been used to machine down to the interface.  
Although within the timescale of the project it was not possible to construct a 
working demonstrator, the resistance of the bonded sheets for the subsequent 
applications and handling, i.e. laser machining and metallisation processes, 
that were required to prepare double layer substrates was an indication that 
the standard route of water glass bonding provided a sufficient bond strength. 
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Figure 7-9 Water glass bonding: (a) laminated glass sheets with copper tracks between 
them (b) cross section of a bonded sheet with via. 
 
7.11 Summary 
Glass-to-glass bonding is possible by a combination of cleaning and applying 
pressure, at low temperatures, using the PALTB method. PALTB can provide 
satisfactory bond strength, within the permanent bonding stage, if no cracks 
are generated during the application of the pressure. In terms of water glass 
bonding, the main issue was heating, as special precautions and procedures 
are necessary to guarantee transformation of the solution from liquid state to 
solid state without defect generation, such as bubbles and cracks. 
The key process steps for the fabrication of glass multilayer substrates for 
high density interconnect have been investigated in combination with other 
students working on excimer laser machining and metallisation with lamination 
of the glass achieved using water glass bonding. The combination of the 
processes has been demonstrated as a potential route to making multilayer 
substrates.  
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CHAPTER EIGHT 
 
8 CONCLUSIONS AND RECOMMENDATIONS 
8.1 Conclusions 
Two methods of bonding glass were investigated in this work with a view to 
using the techniques for the fabrication of multilayer substrates capable of 
supporting high density electrical interconnect. The two methods were 
Pressure Assisted Low Temperature Bonding (PALTB) and water glass 
bonding. Suitable experimental procedures were developed to carry out the 
bonding methods and to test the bond quality. A number of conclusions can 
be drawn as below:  
1- Cleaning is an essential step in PALTB to obtain hydrophilic surfaces, 
and it is also desirable for water glass bonding to increase the 
wettability of the surface.  
2- Cleaning with Decon 90 provided suitably wettable and hydrophilic 
surfaces, presumably by generation of OH groups on the glass 
surfaces. 
3- Leaving assembled clean sheets at room temperature for a period of 
time led to the formation of some weak bonds for both the PALTB and 
water glass assembled sheets. 
4- Heating at 100oC provided some bonds in both methods, however this 
temperature was not sufficient since slippage/delaminations were 
observed in most of the bonds.  
5- For PALTB, flatness and/or planarity were important factors when 
bringing the two cleaned surfaces together as close as possible to be 
bonded under pressure. Contaminants or multipoint contacts led to 
delamination, Newtons rings and rucking.  
6- Heating the preliminary bonded sheets to a higher temperature, i.e. 
200-300oC, enhanced the bond strength in both methods.  
7- Permanent bonded samples by the PALTB method demonstrated lower 
deflection values than the permanent bonded water glass samples. 
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8- Comparison between the calculated deflection of a solid glass sheet 
and the measured deflection of bonded sheets was an indication to 
estimate the rigidity and shear deflection component of the interlayers. 
9- The permanent bonded sheets in PALTB resisted a high number of 
cycles to failure under 100MPa stress. However, water glass bonded 
sheets could only resist half of this stress for the same number of 
cycles.  
10- The cyclic test was effective in detecting any stress raisers, e.g. cracks 
that occurred during the permanent bonding stage due to the applied 
pressure in PALTB or heating of the water glass.  
11- The KIC values of the interlayers, determined by a crack opening test, 
were slightly larger than the KIC value of CMZ glass sheet, which was 
determined by linear elastic fracture mechanics. 
12- The relationship between the amount of water glass, its dilution and the 
bonding temperature had noticeable effects on the initiation of 
imperfections, voids, bubbles and cracks, which could lead to reduced 
strength. 
13- The investigations showed that a ten times dilution (x10) of the as-
received water glass solution gave the best results at 200oC. 
14- Wherever cracks occurred, due to the application of pressure in 
PALTB, or due to the drying of water glass by heating, the number of 
cycles sustained without failure was dramatically decreased. 
15- Thermal cycling had the capability to detect improper bonding in water 
glass bonding, since opaque regions were observed for sheets bonded 
by a dilution rate equal or less than x5, while no such indication was 
present for PALTB. 
 
Despite this research building on principles reported in the literature that have 
shown glass bonding can be achieved from various chemical interactions at 
the surface and with the addition of a intermediary layer, and, that heat can be 
used to enhance bond strengths, it is still evident that a standardised process 
route is not yet determined. Further work is required in this field to determine 
standardised, repeatable process routes for glass bonding. 
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8.2 Recommendations for Further Work 
Overall the results showed the possibility for glass-to-glass bonding using 
PALTB and water glass methods. Besides visible observations, the qualitative 
and quantitative tests witnessed this bonding possibility. Significant 
differences were observed between the deflection values of bonded sheets 
and unbonded sheets under similar applied stresses. The same results were 
obtained with a crack opening test. However, reproducibility of the results was 
one of the issues that faced this research, as, occasionally, the mechanical 
tests, e.g. deflection test, showed scattered values. This was attributed to the 
nature of the bonding in these two methods, which was strongly dependent on 
the interaction between chemical compounds (OH groups, water glass 
composition), physical parameters (dehydration due to heating or leaving at 
room temperature) and mechanical variables (the applied pressure, contact 
area, flatness). Changing any of the above parameters could lead to changes 
in the results. Also, the inability to find a sharp distinction between the cracks 
that were generated during the application of pressure with the cracks that 
can be generated under cyclic loading, was another issue contributing to 
scattered results. 
Therefore, following this study, areas of further work have been identified as 
described in the following sections. 
8.2.1 Pressure Assisted Low Temperature Bonding 
8.2.1.1 The effect of applied pressure during bonding 
This needs special equipment, similar to creep machines, which can apply 
different loads and temperatures accurately. Using this type of machine on the 
samples can provide a clear view of the effect of pressure and temperature on 
bonding strength, by inter-relating the applied pressure and temperature, the 
thickness of the interlayer and the bond strength. Subsequently, it may be 
possible to understand the diffusion mechanism in more detail. 
 206 
8.2.2 Water Glass Bonding 
8.2.2.1 The effect of thickness in water glass bonding 
Correlating the amount of water glass with the interlayer thickness and then 
estimating the effect of the interlayer thickness on the bond strength will aid 
optimization of the amount of water glass required for successful joining. The 
diffusion rate of the water glass with temperature and time can thereby be 
estimated. Applying a water glass solution using spin coating equipment will 
also help to achieve a more uniform thickness. 
8.2.2.2 The effect of heating rate in water glass bonding 
Since drying is an essential process in bonding by water glass, precautions 
are necessary to avoid the creation of bubbles or cracks during heating. A 
slow heating rate, with an indirect heat, is desirable. Heating in one direction 
(similar to the way single crystal materials are manufactured) is desirable to 
avoid drying the water glass components in different directions, leading to the 
inclusion of bubbles. 
 
8.3 Glass as Multilayer Substrate 
In addition to determining the capability of bonding CMZ glass sheets, the 
patterning of copper traces and creation of thru vias, the decision regarding 
the possibility of these materials as a basis for MCM substrates is dependent 
on many other requirements, such as cost and other technical issues that are 
associated the manufacturing and scaling up of the process routes. Some of 
these issues are presented below and may form the basis of further research 
investigations: 
• Availability and cost: besides availability, the cost of the glass, plus the 
cost of the whole manufacturing processes involved in realising MCMs 
must be competitive with the cost of the current available materials 
used for MCMs.  
• Manufacturability: in order to move the concept from lab-based activity 
to industrial applications, further investigations are required on using 
larger dimensions than that used in this study, for example 100x100mm 
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or larger and to explore the manufacturing issues that may arise during 
bonding and handling. Processing multiple MCMs with a pannelisation 
route (i.e. similar to PCB fabrication, a single large multilayer sheet 
may have multiple copies of the same or different MCMs) would reduce 
the cost per MCM, but the capability of such large glass panels to be 
divided into smaller through cutting or dicing should be considered. 
• Reliability: the whole multichip module, populated with components, 
should be created on CMZ glass sheet in a manner that reflects the 
real service conditions and must be tested electrically to determine its 
performance, i.e. I/O data transfer performance. Meanwhile, the whole 
system should be exposed to a full gamut of reliability tests, such as 
power cycling, environmental and drop or impact tests.  
• Scaling Up: if the above requirements provide positive results, thinner 
sheets, e.g. 50µm or less, should be explored to confirm this concept 
for higher routing, practicality, handling and its impact on increasing 
wireability. 
 
It is apparent that using the glass material as a multichip module substrate is 
still premature for industrial applications and further collaborative research is 
required with specialists in electrical, mechanical, manufacturing and 
materials packaging. A full DfX analysis (where X=reliability, cost, 
manufacture, testability etc.) should be undertaken and the potential of glass 
compared with alternative solutions, such as high and low temperature co-
fired ceramics, silicon and organic thin film MCM solutions. 
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